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I IHTRODUCTIOIT 

Present  theory  Regarding  Web  Reinforcement . — Almost  from  the 
beginning  of  the  use  of  reinforced,  concrete,  the  necessity  for  some 
means  of  reinforcing  the  web  of  members  subject  to  flexure  has  been 
recognized,  and  numerous  systems  have  been  employed  for  this  purpose. 
The  low  tensile  strength  of  concrete  has  very  clearly  emphasized  the 
importance  of  combined  tensile  and  shearing  stresses  in  concrete  mem- 
bers subject  to  flexure,  whereas  in  similar  members  of  homogeneous 
material  such  as  wood  and  steel,  combined  stresses  are  of  little  im- 
portance because  of  their  higher  tensile  strength.  The  usual  method 
of  determining  the  amount  of  the  maximum  diagonal  tension  in  a hom- 
ogeneous beam  at  any  point  gives 

t = 1 s +|/|  ss  + v£ 

in  which  t = maximum  diagonal  tensile  unit  stress,  s_  = longitudinal 
tensile  unit  stress  at  that  point,  and  y = horizontal  or  vertical 
shearing  unit  stress  at  the  same  point.  The  direction  of  this  max- 
imum diagonal  tensile  stress  makes  an  angle  with  the  horizontal 
equal  to  one-half  the  angle  whose  cotangent  is  ^ When  s = 0 as 
is  the  case  at  the  neutral  surface,  J - = 0 and  the  maximum  diagonal 
tensile  stress  makes  an  angle  of  45°  with  the  horizontal  and  has  a 
value  equal  to  v at  the  neutral  surface.  When  v = 0,  as  is  the  case 
at  the  lower  side  of  the  beam,  t = s and  makes  an  angle  of  0°  with 
the  horizontal.  In  a reinforced  concrete  beam,  the  non-homogeneity 
of  the''  concrete,  and  the  presence  of  longitudonJil  steel  modify  the 

- — . 
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above  theory  of  combined  stresses.  The  amount  and  nature  of  this 
modification  are  unknown,  but  the  way  in  which  cracks  open  in  a con- 
crete beam  under  test  seeraSto  indicate  that  the  maximum  diagonal 
tensile  stresses  act  in  approximately  the  direction  indicated  by  the 
above  formula.  Then  the  web  is  reinforced  the  cracks  open  in  a dif- 
ferent way  and  nothing  is  known  of  the  exact  direction  and  amount 
of  the  diagonal  stresses. 

The  systems  of  web  reinforcement  employing  steel  inclined 
at  approximately  45°  and  rigidly  attached  to  the  longitudinal  tensile 
steel  have  proven  most  effective,  but  the  difficulty  and  expense  of 
rigid  attachment  in  the  field  has  limited  the  use  of  this  type.  The 
most  common  method  of  reinforcing  the  concrete  web  is  by  means  of 
vertical  stirrups  anchored  to  the  longitudinal  steel  by  looping  the 
closed  end  under  the  longitudinal  rods  at  points  of  positive  moment, 

! and  over  the  rods  at  points  of  negative  moment.  This  is  usually 
supplemented  by  bending  some  of  the  horizontal  rods  up  at  an  angle 
of  about  45°.  Beams  so  reinforced  have  not  developed  as  high  shear- 
ing  values  as  those  with  rigidly  attached  inclined  web  steel. 

Very  little  stress  is  supposed  to  be  carried  by  the  web 
reinforcement  until  after  diagonal  cracks  have  formed.  After  these 

cracks  have  formed,  the  action  then  may  be  considered  to  be  a corn- 

beam  action  and 

bination  of  something  in  the  nature  ofAtruss  action.  The  proportion 
of  the  shear  which  is  taken  by  one  of  these  actions  will  depend  upon 
the  amount  the  crack  has  opened.  The  exact  nature  of  this  action  is 
best  demonstrated  by  Taylor  and  Thompson,  their  explanation  oemg 
about  as  follows:  Referring  to  Fig,  1 page  4 let  the  line  An 

represent  the  horizontal  steel,  ac  and  bd  vertical  stirrups  spaced 
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jd  distance  apart,  and  ce  the  centerline  of  the  centroid  of  the  com- 
pressive stresses.  This  may  he  assumed  to  he  analogous  to  the  action 
of  a Hov/e  truss,  in  which  the  horizontal  steel  is  the  lower  chord 
(upper  here),  the  concrete  in  the  bottom  of  the  beam  the  upper  chord 
flower  here),  and  the  concrete  web  between  the  stirrups  the  compres- 
sion diagonals.  To  show  that  the  stress  in  the  stirrups  is  measured 
by  the  shear,  consider  the  joint  a.  The  tension  in  the  stirrup  at 
a'  is  equal  in  magnitude  to  the  horizontal  component  of  the  stress  in 

the  diagonal.  This  horizontal  component  is  equal  to  the  difference 

of  a and  that 

in  the  stress  in  the  horizontal  chord  just  to  the  left ^ just  to  the 

left  of  b.  But  this  change  in  stress  is  proportional  to  the  change 

in-  bending  moment.  Considering  any  two  points  on  this  horizontal 

chord  which  are  an  infinitesimal  distance  apart,  then  ^ = V or 

r?M  = Vdx  = change  in  bending  moment  over  the  infinitesimal  distance. 

Bow  if  the  points  are  a definite  distance  apart,  as  a and  b,  the 

difference  between  the  bending  moment  at  a and  the  bending  moment  at 

b is  equal  to  the  external  shear  at  this  place  times  the  length  ab . 

1 Therefore,  the  difference  between  the  total  stress  in  the  chord  at 

the  point  a and  the  stress  at  the  point  b,  as  in  any  simple  truss, 

I is  equal  to  the  difference  between  the  moments  at  these  two  points, 

which,  as  stated  above,  is  Yjd  divided  by  the  depth  of  the  truss  jd, 

{ or  in  other  words,  the  shea,r  at  this  point  = V.  lienee  this  equals 

the  total  stress  in  the  stirrup  ac  when  the  stirrup  spacing  = jd. 

For  any  other  stirrup  spacing  £3  the  stress  in  the  stirrup  would 

equal  V.— ^ If  the  soacing  = •**—  the  stress  carried  by  stirrup  = 

; jd  ^ 

2 as  much,  if  s = -id  the  stress  in  each  stirrup  = ^ as  much,  and  so 


on. 
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For  inclined  stirrups  at  an  angle  of  45°,  the  action  is 
considered  similar  to  a Pratt  truss,  the  stress  in  the  inclined 
steel  being  C.7V 

J<1 

2 Scope  of  Investigation. — A total  of  eleven  "beams  was 
tested,  all  of  the  same  dimensions  hut  having  various  arrangements 
of  web  reinforcement , as  well  as  varying  percentages  of  longitudinal 
reinforcement.  All  beams  over— hung  the  supports  2 ft.  3 in.  at 
each  end,  the  supports  being  12  ft.  apart.  The  loading  was  applied 
at  four  points  as  shown  by  Fig.  2 so  as  to  make  the  moment  at  the 
support  twice  the  moment  in  the  center  of  the  span.  The  loading  was 
such  as  to  secure  perfect  restraint  at  the  supports  as  calculated 
by  the  ordinary  beam  formula  for  the  elastic  curve.  It  is  recogniz- 
ed that  this  is  an  assumption  but  it  is  felt  that  such  an  assumption 
is  justifiable  in  the  absence  of  more  knowledge  concerning  the  elas- 
tic properties  of  a reinforced  concrete  beam.  0?  these  eleven  beams, 
the  middle  portions  of  two  of  them  were  tested  as  simple  beans  after 
failure  over  the  supports. 

As  stated  before,  it  was  the  purpose  to  investigate  the  web 

making  „ ^ . . 

stresses  developed  by^direct  measurement  of  the  stresses  m the 

steel,  and  this  method  of  investigation  may  be  considered  as  pioneer 
in  this  field  of  investigation. 

3.  Acknowledgment  .—These  tests  were  made  in  the  laboratory 
of  Applied  Mechanics,  University  of  Illinois,  as  part  of  the  reg- 
ular investigational  work  carried  on  by  the  Engineering  Experiment 

Station  during  the  spring  of  1911. 

The  work  was  done  under  the  general  direction  and  super- 
vision of  Prof.  A.  IT.  Talbot  who  gave  many  helpful  suggestions  in 
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planning  and  conducting  the  teats;  to  Hr.  F.  A.  Slater,  First  Ass- 
istant in  the  Engineering  Experiment  Station,  is  due  much  credit  for 
his  assistance  in  conducting  the  tests  on  such  unweildy  test  spec- 
imens as  these  were;  Hr.  A.  R.  Lord,  Research  Fellow,  rendered  val- 
uable assistance  on  the  tests  and  in  working  up  the  data;  Hr.  L.  A. 
Abrams,  Associate  in  the  Engineering  Experiment  Station,  supervised 
the  building  of  four  of  the  beams  o.nd  gave  other  assistance  in  con- 
nection with  the  tests.  To  these  and  other  members  of  the  staff 
due  acknowledgment  is  made  for  assistance  and  suggestions  connected 
with  the  tests. 

The  Corrugated  Bar  Co.  of  St.  Louis  furnished  the  corrugated 
unit  frames  used  in  four  of  the  beams,  the  American  System  for  Re- 
inforcing, Chicago,  furnished  the  unit  frames  used  in  beams  375.1  and 
375.5  the  latter  of  which  is  yet  to  be  tested. 
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II 

MATERIALS . TEST  PIECES,  AHD  METHODS  CP  TESTIHG 

4.  Materials  and  Their  Properties .-—The  materials  used  in 
mailing  the  test  specimens  were  all  of  the  grade  employed  in  first 
class  "building  construction.  The  properties  of  the  various  mater- 
ials are  given  in  the  following  paragraphs. 

Cement. — Two  standard  brands  of  portland  cement  were  used. 
Universal  was  used  for  beams  371.2,  372.1,  373.1,  374.1,  375.1, 
576.1,  376.2,  376.5,  376.6,  and  Lehigh  for  beams  372.2  and  373.2. 
Samples  of  the  Universal  cement  were  tested  at  various  times  during 
the  progress  of  making  the  specimens.  Only  one  test  was  made  of  the 
Lehigh  cement.  The  following  tables  give  the  results  of  the  tests, 
the  values  for  the  briquette  strengths  being  the  average  cf  five 
briquettes  tested. 

Tensile  Strength  of  Standard  Briquettes  in  Pounds  per  sq.  in. 

Universal 


Sample 

h! 

o 

Sample 

° 

1 • 

iro 

Sample  Ho . 3 

Sample  Ho, 

Age  Days 

7 

28 

7 

28 

7 28 

7 28 

Heat 

589 

674 

684 

709 

653  731 

662  696 

1:3  Standard 
Sand 

198 

278 

227 

283 

240  319 

214  282 

1:3  Sand  used 
in  Beams 

265 

323 

Lehigh • 

Age  Days 

7 

28 

Heat 

719 

305 

1:3  Standard 

Sand 

248 

329 

10 


Fineness  Test 
Universal 

Sieve Per  cent  Passing 

50  98.9 

100  96.5 

200  82.5 

The  initial  set  of  the  Universal,  as  determined  by  the 
Vicat  needle,  was  found  to  occur  in  1 hour  and  20  minutes,  and  hard 
set  in  4 hours  and  40  minutes. 

Ho  test  to  determine  the  fineness  and  time  of  set  was  made 
on  the  Lehigh  cement. 

Sand. — The  sand  used  was  torpedo  sand  from  Attica,  Indiana. 
It  was  of  good  quality,  clean,  and  well  graded.  It  combined  with 
the  cement  used  in  a very  satisfactory  manner  giving  a higher  bri- 
quette strength  than  did  the  same  cement  with  standard  Ottawa  sand. 
It  was  from  the  sane  locality  and  of  the  sane  quality  as  the  sand 
used  in  making  reinforced  concrete  test  specimens  for  the  past  sev- 
eral years  at  the  University  of  Illinois. 

Stone. — A good  quality  of  rather  hard  limestone  from  Kanka- 
kee, Illinois,  was  used,  the  specifications  accompanying  the  order 
requiring  it  to  pass  a 1— inch  and  be  retained  on  a mesh.  It 

is  representative  of  the  stone  most  used  in'  reinforced  concrete 
building  construction  in  Illinois,  and  is  the  same  as  has  been  used 
in  previous  experimental  v;ork  of  the  Station.  Ho  special  tests  were 
made  to  determine  its  voids. 
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TABLE  I 


TEES I OB  TESTS  OF  STEEL  FROM  BEAMS 


Steel 

Average 

Total  Load 

From 

Diameter 

at 

Beam  Bo. 

of  Pod 

Yield  ^oint 

372.1 

-.752 

14  960 

.750 

14  200 

372.2 

-.249 

1 780 

-.253 

2 000 

-.253 

1 740 

.252 

2 200 

573.1 

-.745 

15  200 

-.746 

15  IOC 

.751 

15  100 

373.2 

-.749 

14  870 

.751 

15  200 

.753 

15  200 

373.2 

-.253 

2 110 

-.253 

1 760 

'.252 

2 070 

-.253 

1 850 

i 

.254 

1 720 

374.1 

-.759 

15  300 

.753 

16  300 

375.1 

-.583 

15  900 

.624 

19  000 

376.2 

.715 

25  510 

.715 

25  350 

.715 

24  000 

.202 

i 390 

.200 

1 250 

.200 

1 220 

.200 

1 360 

376.6 

-.715 

24  200 

*.713 

24  100 

'.712 

24  100 

'.25 

3 300 

.25 

3 570 

-.25 

4 220 

.25 

4 275 

Average  Unit 
Strees  at 
Yield  Point 

33  200 
38  600 

34  400 
54  200 
37  800 

35  100 
60  500 
56  600 
41  350 

54  800 
60  200 
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Proportions. — In  all  tost  specimens  1:2:4  concrete  was  -used. 
The  concrete  was  thoroughly  mixed  by  hand  on  the  concrete  floor  of 
the  laboratory  by  men  employed  for  this  purpose  for  the  past  few 
years.  It  was  also  done  under  the  supervision  of  some  member  of 
the  Station  staff  in  order  to  insure  a uniform  mix.  A fairly  wet 
mix  was  used. 

Steel. — Specimens  were  cut  from  the  longitudinal  steel  of 
all  the  beams  tested.  Pieces  taken  from  the  lot  of  inch  round 
steel  used  in  making  the  stirrups  for  beams  371.2,  372.1,  372.2, 
375.1,  and  373.2  were  tested  and  the  yield  point  is  shown  in  table 
I page  11  opposite  372.2  and  373.2.  It  will  be  noted  that  the 
yield  point  is  higher  than  for  the  ~ —inch  round  bars  used  in  the 
same  beams.  This  is  believed  to  be  due  to  the  fact  that  the  100  CCO 


lb.  testing  machine  used  did  not  indicate  the  yield  point  as  accur- 
i 3 

ately  for  the  ± -inch  rods  as  it  did  for  the  - -inch  rods.  It  was 

the  impression  at  the  time  that  the  - -inch  steel  was  of  the  same 
x 4 

quality  as  the  - -inch  rounds.  The  longitudinal  steel  used  in  beams 
4 

376.1,  376.2,  376.5,  and  376.6  were  round  corrugated  bars  furnished 

by  the  Corrugated  Bar  Co.  The  web  reinforcement  in  376.1  and  376.2 

was  smooth  round  rods  0.21  inch  in  diameter,  and  that  used  in  376.5 

and  376.6  was  - -inch  square  corrugated  bars.  In  the  table  will  be 

found  the  yield  points  of  the  web  steel  used  in  the  corrugated  unit 

frames.  It  will  be  noted  that  the  yield  point  of  the  0.21  inch 

round  steel  was  much  lower  than  that  of  the  — —inch  rods  m the 

4 

same  beam.  The  use  of  the  100  000  lb.  machine  may  have  affected 
the  results  slightly.  The  0.21  inch  rounds  used  in  376.1  and  576.2 

was  not  drawn  but  rolled  steel.  All  steel  used  in  375.1  was  plain 

round  bars  of  high  yield  point  as  shown  by  the  table. 
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5.  Test  Beans . — All  the  heans  were  18  feet  long  by  15  x 8 
in,  effective  cross-section,  tho  overall  depth  being  17  in.  The 
total  length  of  the  heans  was  approximately  8 in.  more  than  the 
distance  between  the  extreme  end  load  points.  The  details  of  the 
reinforcement  are  shown  in  the  drawings  for  the  various  beams,  as 
well  as  in  table  V page  117,  The  beams  were  made  relatively  deep 
in  order  to  emphasize  the  web  stresses  developed.  The  bent 'up  long- 
itudinal rods  were  so  arranged  that  the  inclined  portion  would  pass 
approximately  through  the  point  of  contraflexure.  The  unit  frames 
used  and  beam  374.1  contained  rods  running  the  entire  length  near 
the  bottom  of  the  beam.  The  others  also  had  the  rods  so  arranged 
that  the  compressive  portion  of  the  cross-section  at  some  points 
contained  steel.  In  the  case  of  these  latter  beams,  it  was  necess- 
ary to  carry  the  steel  into  the  compressive  region  in  order  to  pro- 
vide the  required  length  for  anchorage  against  slipping.  In  the 
case  of  the  unit  frames  the  rods  running  straight  for  the  entire 
beam  length  were  needed  to  fasten  the  web  reinforcement  to.  It  will 
be  noted  that  in  many  cases  the  stirrups  did  not  have  a 'snug  fit 
against  the  longitudinal  bars,  and  it  nay  be  said  that  this  was  true 
in  most  cases  since  such  a connection  was  not  practicable  and  would 
seldom  be  attained  in  practice.  It  will  be  further  noticed  that  the 
stirrups  of  beams  numbered  371.2,  372.1,  and  372.2  were  anchored  to 
the  horizontal  steel  in  a different  way  than  were  those  of  beams 
373.1  and  373.2.  It  was  the  intention  to  have  all  anchored  like 
those  of  beams  373.1  and  373.2  but  by  a misunderstanding  this  was 
not  done.  It  was  feared  that  this  method  of  anchorage  would  prove 
a weakness,  but,  as  discussed  later,  such  weakness  did  not  occur 
under  the  stresses  developed  in  the  stirrups.  It  will  be  noted  that 


VIEW  OP  CORRUGATED  BAR  CO'S  UNIT  FRAME  WITH  ONE  OF  THE  BEAMS 

AS  A BACK-GROUND 
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^}1G  stirrups  of  ‘beam  373.1  had  the  ends  hent  through  180°  for  the 
purpose  of  anchorage  against  slipping,  while  373.8  had  no  such  pro- 
vision but  the  unbent  ends  extended  to  the  horizontal  faces  of  the 
beam.  This  was  done  in  order  to  enable  the  detection  of  any  slip 
of  these  stirrup  legs  by  placing  Ames  dials  against  them.  Another 
feature  of  373.1  was  the  space  of  about  one-half  inch  purposely 
left  between  the  closed  end  of  the  stirrups  and  the  horizontal  steel 
This  was  done  in  order  to  detect  any  possible  weakness  of  such  con- 
struction. 

Beam  574.1  had  no  web  reinforcement  and  was  included  in 
order  to  have  some  basis  of  comparison  between  the  web  resistance 
of  this  size  beam  without  web  reinforcement  on  the  one  hand,  and 
with  web  reinforcement  on  the  other. 

It  will  be  noticed  that  practically  the  only  difference  be- 
tween the  series  371,  373,  and  373  is  in  the  ratio  of  the  per  cent 
of  steel  at  the  center  of  the  beam,  and  the  per  cent  over  the  sup- 
ports, This  difference  was  made  in  order  to  study  the  effect  of 
this  variation  upon  the  web  stresses, 

6 . Making  of  the  Beams » — The  beams  were  made  in  the  same 
way  as  described  in  the  University  of  Illinois  bulletins  on  rein- 
forced concrete  beams,  A strip  of  building  paper  was  placed  on  the 
concrete  floor  and  the  wooden  forms  were  placed  on  this  paper,  ^he 
presence  of  so  many  rods  permitted  tamping  only  with  small  tamps 
such  as  a 5/8-in.  rod  or  a l/2  x 3-in  wooden  strip.  The  tamping 
in  the  case  of  beams  371.3,  373.1,  573,3,  373.1,  and  a - ♦ • could 
not  be  quite  as  thorough  as  in  the  case  of  the  others  because  o~ 
the  difficulty  of  keeping  the  loose  stirrups  in  place  during 
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thorough  taraping.  The  steel  was  supported  until  the  concrete  was 
stiff. 

7.  Auxiliary  Test  Specimens . — In  order  to  know  the  general 
character  of  the  concrete  entering  into  the  hearas,  three  6— in.  cubes 
and  one  6 x 3 x 40— in.  control  "beam  were  made  from  concrete  taken 
from  the  center  of  the  hatch  entering  into  the  construction  of  each 
heara.  The  cubes  were  for  the  purpose  of  determining  the  compress- 
ive strength,  and  the  control  hearas  for  obtaining  the  modulus  of 
rupture  which  is  an  index  to  the  tensile  strength  of  the  concrete. 

8.  Storage. — The  forms  were  left  on  the  beams  for  one  week, 
after  which  the  beams  were  sprinkled  daily  with  a hose.  However, 

at  times,  due  to  the  congestion  of  test  specimens  in  the  concrete 
laboratory,  and  other  causes,  some  beams  were  sprinkled  more  than 
others.  The  cubes  were  removed  from  their  molds  after  about  7 days 
and  then  buried  in  moist  sand.  The  control  beams  were  treated  in 
the  same  manner  as  the  large  beams.'  From  the  conditions  of  storage 
it  can  be  seen  the  strength  of  the  auxiliary  specimens  cannot  be 

taken  as  an  absolute  index  to  the  quality  of  the  concrete  in  the 

' 

j large  beams.  All  specimens  were  tested  at  approximately  the  age 
! of  60  days,  the  exact  age  being  given  in  table  V page  117.  The 
| auxiliary  specimens  were  tested  at  approximately  the  same  dates  as 
the  large  beams.  The  temperature  of  the  atmosphere  varied  from 
! 60°  to  70°  Fahrenheit,  as  shown  by  the  dail;^  records  kept.  This 

does  not  include  any  night  temperatures  as  no  records  of  this  were 
kept . 

9.  Methods  of  Testing. — The  60C  000  lb.  testing  machine 
was  used  in  testing  the  beams.  The  photograph  page  1 shows  the 
general  arrangement.  The  end  view  of  one  of  the  beans  in  the  ma— 
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SHOTTING  METHOD  OF  LOADING  THE  BEAMS 
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METHOD  OF  APPLYING  AMES  DIAL  TO  LEG  OF  STIRRUP 
Only  the  portions  of  the  cracks  which  crossed  the  gage  lengths 


were  marked 
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VIEW  SHOWING  THE  USE  OP  WIRE  WOUND  DIALS  ON 

BEAMS  375.1  AND  374.1 


Brrry  B y ten  some  ter 

Bu/J  <5 /ze 
F/9  3. 


HI 

chine  shows  the  method  of  applying  the  load.  The  points  of  support 
and  application  of  load  were  as  shown  by  Fig.  page  . At  these 
points  steel  plates  were  used  to  transmit  the  load  to  the  beam  in 
order  to  prevent  crushing.  Plates  1 inch  thick  and  6 inches  wide 
were  used  on  all  beams  except  numbers  374.1,  375.1,  376.1,  and  376.2 
on  which  4 inch  plates  were  used  at  the  points  of  support  and  6 inch 
plates  were  used  at  the  load  points.  The  use  of  4 inch  plates  may 
have  caused  the  crushing  noted  elsewhere  in  connection  with  376.1 
and  376.5.  The  plates  were  set  in  a bed  of  plaster  of  Paris.  The 
load  was  then  applied  to  these  plates  by  means  of  steel  rollers. 

Care  was  taken  to  eliminate  an  eccentric  application  of  the  load, 
but  it  is  believed  that  there  was  some  eccentricity  in  each  case, 
although  there  was  no  means  of  knowing  how  much.  Furthermore,  sev- 
eral of  the  beams  were  somewhat  crooked  due  to  the  use  of  warped 
forms.  The  slowest  speed  of  the  machine,  0.05  inch  per  minute,  was 
used  in  applying  the  load.  The  loads  were,  as  a rule,  applied  in 
increments  of  15  000  lb.  until  a load  of  60  000  lb.  was  reached, 
after  which  increments  of  20  000  lb.  were  used.  The  load  was  held 
while  the  instrument  readings  were  taken,  after  which  the  next  in- 
crement. was  applied  without  any  release  of  load.  The  weight  of  the 
beam  itself  was  neglected  in  the  calculations,  but  the  weight  of  the 
loading  steel  I— beams, = 2 300  lb. , was  used  and  called  the  initial 
load . 

The  new  modified  Berry  extensometers  were  used  in  measuring 
the  deformation  of  the  steel  of  all  beams  excepting  374.1  and  375.1. 
These  instruments  had  not  been  made  when  these  were  tested,  hence 
the  wire  wound  dials  were  used  as  shown  on  page  19.  It  is  not 

believed  that  the  measurements  taken  with  the  wire  wound  dials  mean 

much,  since  it  assumes  that  the  concrete  deforms  with  the  steel 
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which  is  an  assumption  hardly  warranted  in  all  oases,  ^hese  dials 
read  to  0.0002  inch  directly.  The  Berry  instruments  used  are  a 
modification  of  the  original  instrument  invented  hy  Professor  Berry 
of  the  University  of  Pennsylvania.  Pig.  3 page  20  shows  the  essen- 
tial features  of  one  of  the  instruments.  It  Is  adjustable  to  gage 
lengths  varying  from  6 to  10  inches.  The  6 inch  gage  was  used  in 
all  cases  in  this  series  of  tests.  The  calibration  curves  on  pages 
22  to  24  indicate  in  a general  way  the  accurac;/  of  the  instruments. 
An  especially  prepared  standard  bar  one  inch  in  diameter  and  about 
30  inches  long  was  used  for  the  calibration  test.  The  holes  for  the 
10— in.  and  6— in.  gauges  were  drilled  into  the  steel  bar  and  beveled 
to  such  a slope  tl^at  the  conical  surfaces  rested  on  the  intersection 
line  between  the  cylindrical  surface  of  the  hole  and  the  conical 
bevel.  A wooden  point  was  used  to  smooth  any  buir which  may  have 
been  left  by  the  beveling  process.  A Ewing  extensometer  of  8 inch 
gauge  length  was  used  as  a standard  with  which  to  compare  the  Berry 
I instruments.  It  gave  very  consistent  results  as  indicated  by  the 
| graphs.  It  will  be  noted  that  the  modulus  as  indicated  by  the  Ewing 
instrument  is  rather  low,  but  this  is  probably  due  to  some  inaccur- 
acy of  the  testing  machine  used.  An  inspection  of  the  calibration 
! graphs  would  indicate  that  the  Berry  instruments  give  very  erratic 
j results.  This  is  true  in  the  calibration  tests,  but  the  conditions 
were  very  unfavorable  for  accurate  use  of  this  type  of  instrument. 
Because  of  the  length  of  the  standard  calibration  bar,  it  was  nec- 
essary to  stand  on  chairs  in  order  to  be  high  enough  to  take  the 
readings.  This  placed  the  operator  of  the  instrument  in  an  awkward 
position  and  the  readings  were  very  inconsistent . This  instrument 
is  one  the  accuracy  of  which  depends  almost  entirely  upon  the  oper— 
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ator,  and  in  this  awkward  position  the  inaccuracies  were  worse  than 
is  "believed  to  have  been  the  case  in  the  bean  tests.  A considerable 
pressure  is  necessary  in  applying  the  instrument  to  the  gauge  and  if 
there  is  a vertical  component  either  up  or  down,  the  reading  will  be 
Incorrect.  While  it  is  believed  that  the  results  of  measurements  on 
the  beams  were  more  consistent,  yet  the  results  are  valuable  more  as 
an  indication  of  what  was  happening  in  a general  way  than  as  giving 
exact  measurements  of  stress.  A very  good  index  as  to  the  accuracy 
of  the  measurements  on  the  horizontal  steel  may  be  had  by  an  inspec- 
tion of  the  plotted  observed  average  unit  stresses  over  the  support 
and  at  the  center  of  the  spans  of  some  of  the  beams  as  compared  with 
the  theoretical  graphs  accompanying  the  same.  The  results  of  meas- 
urements on  beams  576.5  and  576.1  are  not  considered  as  accurate  as 

those  on  the  other  beams,  because  it  was  our  first  experience  in  the 

_ , that  in  these  beams 

use  of  tnese  instruments.  It  is  not  believed  the  drilled  holes  were 


A a 

prepared  quite  so  well  as  for  the  later  tests,  since  they  were  5/64 

inch  in  diameter,  and  of  course,  this  greatly  reduced  the  section  in 

inch  diaia„ 

case  of  the  0.21  steel  used  for  web  reinforcement  in  beams  576.1  and 

A 

576.2.  Very  great  care  was  taken  to  eliminate  ever  jr  possible  source 
of  inaccuracy  and  it  is  believed  the  results  are  as  good  as  could 
have  been  obtained  under  the  conditions.  The  short  gauge  length  usee 
of  course  did  not  give  as  consistent  results  as  a longer  gauge  length 
would  have  given,  but  it  does  give  a better  idea  of  the  variation  of 
the  stress  along  a rod  imbedded  in  concrete.  The  instrument  magni- 
fied the  deformations  5 times,  indicated  to  0.001  inch.  This 
means  an  actual  deformation  of  l/5  this  amount.  In  order  to  elim- 
inate errors  in  observations  due  to  change  in  the  temperature  of  the 
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instrument,  a standard  bar  was  used  on  which  the  instrument  was  read 
before  and  after  each  series  of  measurements  for  each  load.  For 
beams  1576.1  and  376.5  a naked  steel  bar  was  used,  but  for  all  others 
a bar  imbedded  in  concrete  was  used  in  order  to  approach  more  nearly 
the  temperature  conditions  surrounding  the  steel  rods  in  the  beams. 
In  this  way  any  change  from  the  initial  reading  on  the  standard  bar 
would  indicate  the  amount  of  correction  to  be  applied  to  the  meas- 
urements on  the  steel  in  the  beams. 

In  order  to  gain  access  to  the  steel  reinforcement , for  the 
purpose  of  drilling  the  contact  holes,  it  was  necessary  to  cut  small 
holes  into  the  concrete.  The  photography  pages  102— 115,, show  the 
holes,  which  are  representative  of  the  size  of  holes  cut.  When  the 
steel  was  deep,  of  course  it  was  necessary  to  cut  larger  holes  than 


when  it  was  near  the  surface,  but  it  is  not  believed  that  these 
holes  materially  weakened  the  web  or  changed  the  conditions  apprec- 
iably which  would  obtain  in  a similar  beam  without  the  holes.  Of 
course,  the  cracks  may  be  localized  at  these  points  somewhat,  as  is 
shown  on  some  of  the  drawings,  but  this  does  not  seem  to  be  serious. 

In  order  to  detect  the  slipping  of  the  unanchored  bars,  Ames 

! 

dials  were  scr ewed  to  IT-shaped  wooden  yokes  which  were  clamped  se- 
curely to  the  ends  of  the  beams  in  such  a way  as  to  allow  the  plung- 
er to  press  against  the  ends  of  the  horizontal  bars.  An  observer 
was  stationed  at  each  end  of  the  beam  and  as  so  on.  as  an3^  slip  was 
indicated  the  load  was  recorded.  The  dials  read  directly  to  -.001 
inch  and  by  estimation  to  0.0001  inch.  The  stirrups  of  beam  373.2 
were  the  only  ones  which  permitted  the  use  of  this  arrangement  for 
detecting  slip,  and  a dial  was  placed  against  one  leg  of  only  one 
of  the  stirrups.  It  is  believed  that  the  indications  on  the  Ames 


wmm 


28 


slip  of 

dials  thus  used  gave  the  true  moment  oi,the  rods.  In  order  to  see 
if  this  may  have  "been  caused  "by  a relative  motion  of  the  wooden  yoke 
and  the  beam,  a dial  was  fastened  to  the  yoke  used  on  the  west  end 
of  loan  372.2  and  its  plunger  placed  against  the  concrete.  ITo  such 
motion  was  indicated. 

The  cubes  were  tested  in  a 100  000  lb.  Riehle  vertical- screw 
testing  machine  with  a speed  of  0.05  inch  per  minute.  Plaster  of 
Paris  was  placed  on  both  compression  faces  a day  or  more  before 
testing  in  order  to  insure  a uniform  bearing.  Cubes  for  beams  374.1, 
375.1,  376.1,  and  376.5  were  tested  with  several  layers  of  building 
paper  between  the  plaster  and  the  bearing  plates  of  the  machine. 

This  arrangement  gave  a much  lower  strength  as  indicated  by  the 
table  II  page  30.  A spherical  bearing  block  was  used  in  all  cases. 
The  cubes  were  tested  at  approximately  the  same  age  as  the  corres- 
ponding beam. 

The  control  beams  were  tested  in  the  same  machine  and  at  the 
same  speed  as  the  cubes.  Third  point  loading  was  used  over  a total 
span  of  3 feet. 
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IV  EXPERIMENTAL  LATA  ALL  LISCUSSIOL 

10.  Notation  Used. — The  following  notation  will  he  used  in 
discussing  the  results  of  the  tests: 

= unit  stress  in  steel; 
fc  = unit  stress  in  concrete; 

E0  = modulus  of  elasticity  of  steel; 

s 

E0  = modulus  of  elasticity  of  concrete; 

a = W 

T = total  tension; 

C = total  compression; 

= moment  of  resistance  relative  to  the  steel; 

s 

Mc  = moment  of  resistance  relative  to  the  concrete; 

M = bending  moment ; 

A = steel  area; 
b = breadth  of  beam; 
d = net  depth  of  beam; 

k = ratio  of  depth  of  neutral  axis  to  depth  d; 
j j = ratio  of  lever— arm  of  resisting  couple  to  depth  d; 
j dT  #s  jd  « lever— arm  of  resisting  couple; 

| p = steel  ratio  = A/bd; 

I 

o = circumference  or  periphery  of  one  reinforcing  bar; 
m = number  of  reinforcing  bars; 

I 

I u = bond  stress  per  sq_.  in,  on  the  surface  of  the' reinforcing  bars; 
v = vertical  shearing  and  horizontal  shearing  stress  per  sq.  in, 

V = total  vertical  shear  at  any  section. 
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TABLE  II 

CRUSHING  STRENGTH  OP  6-INCH  CUBES 


Bean  No. 

Crushing  Load 

Average  Ultimate 
Unit  Stress 

371.2 

93  000 
93  450 
09  300 

2 550 

372.1 

68  100 
82  450 
68  860 

2 030 

372.2 

84  850 
89  430 
76  500 

2 230 

373.1 

72  500 
82  970 
74  470 

2 130 

373.2 

93  800 
101  000  + 
95  000 

2 680 

374.1 

60  380 
59  600 
57  640 

1 630° 

375.1 

64  600 
54  120 
67  050 

1 716° 

376.1 

53  100 

55  000 

56  420 

1 520° 

376.2 

69  280 
74  840 
73  440 

2 020 

376.5 

52  680 

59  630 

60  140 

1 600° 

376.6 

97  750 
84  860 
89  790 

2 510 

° Load  applied 

through  paper  cushions. 

giving  low  values. 
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TABLE  III 


TESTS  OF  6 x 8 IUCH  CONTROL  BEAMS 


Mo dulus 

Beam  ITo.  Breaking  Load  of 

Rupture 


371.2 

3 

230 

303 

372.1 

3 

600 

338 

372.2 

3 

390 

318 

373.1 

2 

605 

244 

573.1 

3 

500 

310 

374.1 

2 

700 

254 

375.1 

4 

700° 

440 

376.1 

3 

140 

294 

376.2 

2 

830 

265 

376.5 

Br  oken 

"before  test 

376.6 

4 

650 

436 

° Machine  ran  on  high  speed  during  this  test  giving 
high  value  for  modulus  of  rupture  and  "breaking  load. 


FABLE  IT 


Values  of  i Used  in  the  Calculations 


Bean  Uo . 

371.2 

372.1 

372.2 

373.1 

373.2 

374.1 

375.1 

376.1 

376.2 

376.5 

376.6 

Fhe  above  values  are  for  the 


3 

0.87 
0.84 
0.84 
0.84 
0.84 
0.85 
0.86 
0.86 
0.86 
0.87 
0.87 

regions  of  negative  moment. 
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11.  Explanation  of  Tables . Diagrams . Drawing's  and  Photo- 
graphs . — Indexes  to  tables,  diagrams,  drawings,  and  photographs  will 
be  found  following  the  table  of  contents.  The  following  explanations 
are  believed  to  be  sufficient  to  the  understanding  of  them. 

Tables. — Tables  I and  II  are  explained  under  the  description 

of  materials.  Table  III  contains  the  modulus  of  rupture  for  the 

SI 

control  1 earns  as  calculated  by  the  common  flexure  formula  M = — . 
v C 

Table  VI  contains  the  amount  of  slipping  of  the  unanchored  rods  at 
the  1<  ads  indicated.  If  the  progress  of  applying  the  load  to  any 
particular  beam  was  not  as  indicated,  the  tabulated  tension,  bond, 
and  slip  have  reference  to  the  load  nearest  to  the  one  at  the  heads 
of  the  respective  columns.  Under  TTgauge  used”  are  tabulated  the 
particular  gauge  lengths  on  which  measurements  were  taken  of  the 
deformation  of  the  steel.  The  index  number  refers  to  the  number  of 
the  rod  on  which  the  slipping  occurred.  These  numbers  are  indicated 
X on  the  drawings  of  the  several  beams  tested.  The  tension  in  the 
steel  and  the  loads  on  the  beam  are  indicated  in  thousands  of  pounds 
and  tenths  thereof.  The  amount  of  slipping  is  indicated  in  ten— 
j thousandths  of  an  inch.  Table  V is  a summary  of  some  of  the  measured 
I and  calculated  data,  as  well  as  of  the  general  properties  of  the  test 
specimens.  The  per  cent  of  web  reinforcement  is  figured  as  follows: 
Suppose  the  vertical  stirrups  are  spaced  4— in.  apart.  Then  the  per 
| cent  equals  the  cross-sectional  area  of  the  two  legs  of  the  stirrup 
divided  by  the  area  found  by  multiplying  the  spacing  by  the  width  of 
the  beam.  If  there  is  also  some  inclined  steel  the  per  cent  of  it 
will  be  found  in  the  same  way,  using  as  the  spacing  the  horizontal 
distance  between  consecutive  web  members.  The  straight  line  dis- 
tribution of  stress  was  used  as  a basis  of  calculation  for  getting 
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the  calculated  values  given  in  the  table.  The  computed  bond  stresses 
were  obtained  by  using  the  formula  u = — —3.  Under  the  column  head— 
ed  "longitudinal  reinforcement , " the  loads  given  are  the  loads  on 
which  the  calculations  of  the  steel  stresses  are  based.  All  other 
computations  are  on  the  basis  of  the  ultimate  loads  reached. 

On  pages  131  to  155 will  be  found  the  tabulated  results  of  the 
measurements  of  stress  made  on  each  beam.  The  letters  refer  to  the 
gauge  lengths,  the  load  has  reference  to  the  total  load  applied  at 
four  points  on  the  beam.  Opposite  each  load  will  be  found  the  in- 
strument reading  corrected  for  temperature  variations,  and  under  the 
instrument  reading  will  be  found  the  deduced  stress  in  pounds  per 
sq.  in. 


: 
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Diagrams. — Shear  — stress  diagrams  will  be  found  on  pages 
70  to  84..  The  values  of  the  average  unit  shear  in  pounds  per  sq. 
in.,  are  used  for  the  ordinates  and  the  unit  stresses  for  abscissas. 
The  letters  refer  to  the  gauge  length,  and  a wavy  line  across  a plot- 
ted point  indicates  the  time  at  which  a crack  was  observed  to  open 
across  the  gauge  length.  The  moment  — stress  diagrams  for  some  of 
the  gauge  lengths  on  longitudinal  steel  will  be  found  on  pages  85 


' to  93, . The  moment  has  reference  to  the  external  bending  moment  at 
the  section  through  the  center  of  the  gauge.  Alongside  of  some  of 
these  plotted  results  are  given  the  graphs  representing' the  theo- 
retical stresses  on  the  steel,  assuming  beam  action  throughout,  and 
1 

using  the  straight  line  theory  of  stress  distribution.  On  pages  94 
to  100.  are  given  the  load— defo rmat ion  diagrams  for  beams  374.1 


and  375,1.  The  deformations  were  measured  with  the  wire  wound  dials 
The  calibrations  curves  of  the  Berry  instruments  are  given  on  pages 
22  to  24  . Three  tests  were  made  and  two  gauge  lengths  on  the  bar 
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were  used  for  each  instrument  designated  "by  IT  and  S_,  meaning  that  one 
gauge  length  was  on  the  north  side  of  the  "bar  and  the  other  on  the 
south  side.  During  eaoh  test  one  instrument  was  set  for  a 6— in. 
gauge  and  the  other  one  set  for  a 10— in.  gauge. 

Drawings  of  Beams. — At  each  increment  of  load  applied  to  each 
beam,  the  visible  cracks  were  traced  over  on  the  beam  with  a pencil 
and  the  limits  of  the  cracks  opening  at  any  particular  load  were 
marked  on  the  whitewashed  surfaces.  After  the  tests,  one  of  the 
faces  of  each  beam  was  careful!^7-  sketched,  the  steel  being  located 
accurately.  Care  was  taken  to  sketch  the  cracks  carefully  since  it 
was  believed  their  location  would  affect  the  problem  under  investiga- 
tion. These  sketches  are  shown  on  pages  120  to  130.  ^lan  and  sec- 
tional views  are  also  shown  on  the  same  sheets. 

Photographs .--The  photographs  of  the  tested  beams  were  taken 
after  failure  of  the  beams  and  after  release  of  the  loads.  The  fig- 
ures on  the  beams  indicate  the  loads  at  which  the  cracks  opened  up. 

In  most  cases  the  cracks  were  traced  over  with  a lead  pencil  for  the 
purpose  of  photographing.  The  notes  accompanying  the  other  photo— 

■ graphs  are  self-explanatory, 

’ 

12.  Phenomena  of  Tests. — Before  taking  up  a discussion • of 

; the  results,  a detailed  account  of  the  phenomena  observed  will  be 
given  in  so  far  as  this  was  observed  during  the  test  and  determined 

I by  cutting  up  some  of  the  beams  and  noting  anything  which  would 

■ 

I affect  the  results  of  the  tests.  The  beams  will  be  taken  up  in  nu- 
merical order. 

Beam  Ho.  371.2.— This  beam  was  first  tested  as  an  overhanging 


L. 


beam  in  the  same  way  as  the  others.  It  failed  over  the  supports  due 
to  the  steel  passing  the  yield  point.  The  maximum  load  attained  was 
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ILLUSTRATION  OP  TYPICAL  SETTLEMENT  CRACK, 
SCALING-  OP  ROD  AT  POINT  IMMEDIATELY  UNDER  TEE  CARD. 
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65  400  rbs.  After  failure  over  the  supports,  the  niddle  portion  was 
tested  as  a simple  hoara  as  shown  in  Fig.  7 page  120.  This  portion 
carried  a maximum  load  of  49  000  lbs.  and  failure  was  by  tension  in 
the  horizontal  steel  in  the  center. 

Slipping  of  Hods. — The  concrete  was  cut  away  from  the 
anchored  ends  of  the  longitudinal  rods  hut  no  movement  of  the  bars 
was  visible  to  the  naked  eye. 

Settlement  Cracks. — Underneath  the  top  horizontal  rods  very 
large  openings  were  found  due  to  the  settlement  of  the  concrete 
away  from  the  rods  while  wet.  The  photograph  on  page  36  shows 
the  crack  under  one  of  the  rods  at  the  west  end  of  the  beam,  this 
crack  extending  the  entire  length  of  the  horizontal  portion  of  the 
rod  over  the  support.  The  settlement  cracks  under  the  other  rods 
were  practically  as  serious.  At  the  point  where  the  top  horizontal 
rods  bent  downwards,  very  serious  settlement  cracks  were  found,  and 
just  above  the  bend  the  steel  had  pulled  away  from  the  concrete 
leaving  a small  crack.  This  probably  occurred  when  the  high  stress 
came  upon  the  rod  causing  it  to  partially  straighten  out. 

Under  some  of  the  stirrups  inside  the  points  of  inflection, 

! serious  settlement  cracks  were  found  under  the  horizontal  portion 
of  them. 


Necking  of  the  Steel.— —At  the  crack  which  formed  about  6 or 
7 inches  west  of  the  west  support,  the  3/4  inch  steel  rods  were 
found  scaled  indicating  that  they  had  necked  at  this  point.  No 
scaling  was  found  immediately  over  the  support.  At  the  east  end 

the  concrete  was  broken  away  with  a sledge  hammer  which  so  battered 
the  rods  that  no  scaling  could  be  detected. 
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Crushing  of  Concrete  Between  Stirrup  and  Pods. — Ho  crushing 
could  be  detected  between  the  stirrups  and  the  horizontal  3/4-inch 
rods . 

Boarn  l2.«  iLZiLil* — 'T^is  beam  failed  by  tension  in  the  steel  at 
the  center.  The  steel  over  the  supports  had  also  probably  reached 
the  yield  point  since  the  unit  stress  at  a load  of  100  000  lbs.  was 
about  32  000  lbs.  The  crack  which  opened  up  due  to  the  steel  pass- 
ing the  yield  point  begiin  to  open  appreciably  at  the  beginning  of 
the  10  000  pound  increment  after  a load  of  100  000  pounds.  The 
ultimate  load  reached  was  110  000  pounds. 

Slipping  of  the  Pods. — As  shown  in  Fig.  4 page  39  Ames  dials 
were  placed  against  the  straight  rod  at  the  west  end,  and  also  again- 
st the  rod  anchored  by  a 180°  bend.  Slipping  of  the  rod 
began  at  about  the  same  time  in  the  case  of  the  anchored  rod  as  for 
the  straight  rod.  At  the  east  end  no  instrument  was  placed  against 
the  anchored  rod,  but  a crack  indicated  that  slipping  had  occurred. 

Ho  cracks  were  found  indicating  slip  of  the  top  horizontal  bars 

which  terminated  near  the  inside  load  points. 

. 

Settlement  bracks. — In  a number  of  places  the  aforementioned 

i 

settlement  cracks  were  found  under  the  3/4  inch  rods,  being  as  much 
i as  0.1  inch  wide  in  some  cases. 

Crushing  of  Concrete  Fnder  Bends. — The  concrete  was  cut  away 
i from  two  of  the  bent  down  rods  and  a crack  w^s  found  at  the  point 
indicated  by  A in  Fig.  page  48.  Since  the  crack  was  local  and 

j no  line  oi  cleavage  found,  the  concrete  must  have  crushed  underneath 

the  bend,  or  else  a settlement  crack  allowed  the  bend  to  straighten 
out  somewhat.  Ho  settlement  oraok  was  observed  although  it  nay  have 
been  too  small  to  be  observed,  Fven  if  there  was  no  such  settlement 


. 
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crack,  the  concrete  underneath  was  evidently  less  dense  than  else- 
where, due  to  settlement  of  the  wet  concrete.  The  adhesion  of  the 
mortar  may  have  prevented  the  formation  of  a noticeable  crack. 

Crushing  Between  Stirrups  and  Horizontal  Hods. Ho 

crushing  of  the  concrete  between  the  stirrups  and  the  horizontal  bars 
was  found. 

ff~Q . 3 ™ 2 . 2 . — Tt  is  a little  hard  to  say  just  what  the 
cause  of  final  failure  was.  The  steel  in  the  middle  of  the  beam 
had  passed  the  yield  point,  the  steel  over  the  supports  had  nearly 
reached  the  yield  point , and  measurements  at  gauge  _T  indicate  that 
that  rod  had  passed  the  yield  point-,  The  crushing  on  either  side 
of  the  o earn  and  just  under  the  bends  in  the  longitudinal  rods  may 
have  been  the  cause  of  final  failure.  The  concrete  at  these  points 
buckled  outward.  These  pieces  were  removed  and  the  concrete  imme- 
diately under  the  bends  was  found  crushed  to  a powder.  This,  to- 
gether with  the  slipping  of  the  unanchored  rods  caused  the  two  di- 
agonal cracks,  shown  in  the  figure,  to  open  up  considerably , the  one 
| about  12  inches  from  the  west  load  point  attaining  a width  of  about 
| 1/8  ittQb  at  latter  stage  of  the  loading.  After  release  of  the  load, 

I ^is  crack  partially  closed  until  it  was  only  about  l/l6  inch  wide. 
This  would  seem  to  indicate  that  the  two  unanchored  rods  had  not 
reached  the  yield  point  opposite  the  gauge  T. 

TThen  the  load  reached  about  79  000  lbs.,  it  was  some  time 
j before  the  scale  beam  of  the  machine  indicated  an  increase  of  load. 
The  slowness  with  which  the  load  came  on  would  indicate  that  defor- 
mation somewhere  was  taking  place  very  rapidly.  At  about  this  same 
load  the  slipping  of  the  two  unanchored  3/4  inch  rods  at  the  west 


end  was  0.0012  inch  for  the  north  one  and  0.0007  inch  for  the  south 
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one.  The  large  orack  above  mentioned  begun  to  open  appreciably  at 
this  load. 

This  bean  was  not  cut  into,  hence  no  further  data  were  ob- 
tained. 

Bean  No.  575.1. — This  one  also  failed  by  tension  in  the 
steel  over  the  support.  The  horizontal  rods  were  found  scaled  after 
breaking  up  the  bean,  and  measurements  were  made  to  detect  any  neck- 
ing  of  the  rods,  with  the  following  results.  Referring  to  the  fig- 
ure below  it  will  be  noted  that  the  horizontal  rods  are  numbered 


Micrometer  calipers  reading  to  C.001  inch  were  used  to  gauge  the 
rods.  Rod  1 had  a diameter  of  from  0.752  to  0.755  at  points  of  low 
i stress,  0.744  at  a point  25  inches  from  the  end  of  the  bean  or  about 
j at  the  large  crack  in  the  beam,  and  0.753  at  a point  36  inches  from 
the  end  or  over  the  support.  The  rod  was  gauged  every  2 inches. 

This  indicates  necking  of  the  rod  25  inches  from  the  end.  Scaling 
j of  tne  rod  at  this  place  was  also  noticeable.  Rod  2 showed  a var— 

j iety  of  diameters,  hence  all  will  be  given  herewith: 

IT  20  24  25  26  27  28  30  32  34  36  inches. 

.746  .738  .746  .744  ,743  .738  ,741  .740  .747  .747  .745  inches. 

The  figures  in  the  first  line  are  the  distances  in  inches  from  the 

end  of  the  beam,  and  those  of  the  second  line  are  the  measured  diam— 


< 
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eters  of  the  rod  at  the  respective  points.  Although  this  rod  show- 
ed slight  scaling  and  a “brownish  color  at  a point  26  inches  from  the 
end,  *the  measurements  do  not  indicate  much  necking,  hod  5 showed 
slight  scaling  and  a brownish  color  at  a point  26  inches  from  the 
end.  The  gauging  of  this  rod  are  also  given  in  full: 

18  20  22  24  25  26  27  28  30  32  34  36  inches 

.745  .757  .737  ,741  .740  .735  ,7,35  .734  .740  .743  .743  ,742  Tf 
P.od  5 showed  a diameter  + 0.752  to  0.753  at  points  of  low  stress, 
0.750  at  the  large  crack  just  over  the  letter  T,  and  0.751  over  the 
support,  hod  8 had  a diameter  of  0.762  to  0.763  at  points  of  low 
stress,  0.758  at  the  crack,  and  0.760  over  the  support  + 36  inches 
from  the  end.  Bo  necking  could  he  detected  on  rods  4,  6,  and  7. 

The  crack  at  the  top  of  the  east  end  of  the  beam  and  25  inches  from 
the  end  opened  up  about  3/l6  inch.  There  was  no  visible  closing  up 
of  the  crack  upon  release  of  the  load.  It  will  be  noted  from  table 
VI  page  118that  the  slipping  of  the  unanchored  3/4  inch  rods  was 
very  serious  at  a load  of  100  000  lbs, 

Crushing  Under  Stirrups. — The  concrete  was  cut  away  from  the 
stirrups  carrying  the  highest  stress.  In  two  or  three  places  it 
appeared  that  slight  crushing  of  the  concrete  had  occurred  just  at 
the  point  of  bend  in  the  stirrup  where  it  passed  over  the  horizontal 
bars.  The  evidence  of  crushing  was  not  conclusive,  however,  as  the 
concrete  nay  have  been  loosened  by  the  motion  of  the  longitudinal 
rods  at  failure. 

Slipping  of  Anchored  Ends  of  Stirrups. — The  concrete  was 
cut  away  from  the  anchored  ends  of  some  of  the  stirrups.  Uo  slip- 
ping of  nor  crushing  under  the  hooked  ends  could  he  detected. 

Beam  Ho.  575.2 — This  appears  to  have  been  another  tension 


failure  of  the  horizontal  steel  at  the  support.  The  slipping  of 
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the  horizontal  bars  was  not  serious.  In  order  to  detect  any  slip- 
ping of  the  stirrups,  an  Ames  dial  was  placed  against  the  "bottom  of 
the  north  leg  of  the  stirrup  located  8 inches  west  of  the  support. 

At  80  000  Ihs.  a slip  of  0.0003  was  indicated  hut  this  did  not  in- 
crease as  the  load  increased.  This  dial  was  fastened  to  an  iron 
H— yoke  which  was  clamped  to  the  "beam.  The  compression  of  the  con- 
crete at  the  support  may  have  caused  the  movement  of  the  dial  plung- 
er. This  beam  was  not  cut  up  in  order  to  investigate  the  points 
mentioned  in  connection  with  the  other  beams. 

Beam  Ho . 374.1. — This  beam  also  failed  by  tension  in  the 
horizontal  steel  over  the  support,  the  unit  stress  as  calculated  = 

39  200  lb.  per  sq.  in.  while  the  yield  point  of  the  steel  was  3,5  100 
lb.  per  sq.  in. 

Slipping  of  the  Horizontal  Hods. — At  the  east  end  of  the 
beam  the  north  Ames  dial  begun  slipping  at  the  beginning  of  the 
application  of  the  load  increment  after  53  500  lb.,  but  the  amount 
of  slip  was  not  large.  At  the  ultimate  load  of  57  100  lb.  both 
Ames  dials  at  the  west  end  showed  a slip  of  0.0004  inch,  the  slip 
commencing  at  the  beginning  of  the  application  of  the  last  load  in- 
crement. After  release  of  the  load  the  diagonal  crack  to  the  west 

t • 

of  the  support  closed  up  almost  entirely.  .After  failure  as  an  over- 
hanging beam,  the  middle  portion  was  tested  on  a 6— foot  span  with 
third  point  loading.  This  carried  a maximum  load .of  81  000  lbs. 

The  failure  was  by  diagonal  tension,  the  calculated  stress  in  the 
steel  at  the  center  being  33  000  lbs. 

Beam  Ho.  375.1. — This  bean  failed  at  102  100  lb.  load,  a 

comparatively  large  diagonal  crack  opening  up  outside  the  west  and 
east  support  points. 


44 


Slipping  of  Hods. — After  cutting  away  the  concrete  from  the 
ends  of  the  rods,  the  straight  rods  at  the  west  end  had  slipped  3/l6 
inch  and  those  at  the  east  end  had  slipped  l/lG  inch.  At  the  west 
end  the  anchored  ends  of  the  hent  down  rods  were  found  to  have  slip- 
ped slightly,  leaving  a crack  at  the  end  of  the  rod  l/l6-in.  wide, 
and  at  the  point  of  "bend  l/l6  inch  wide . Ho  slipping  of  these  anch- 
ored hent  down  rods  was  found  to  have  occurred  at  the  east  end. 

Hear  the  ultimate  load  the  diagonal  crack  west  of  the  west 

sup-port,  opened  up  and  caused  a large  deflection  of  the  heam.  After 

release  of  load  this  crack  did  not  close  up  which  would  seem  to 
indicate  that  the  hent  down  rods  had  passed  the  yield  point  caused 

hy  the  stress  having  shifted  from  the  unanchored  rods,  due  to  slip- 
ping. This  being  the  case  the  failure  would  hardly  he  characterized 
as  a diagonal  tension  failure.  Ho  instruments  were  used  to  detect' 
the  time  at  which  slipping  began. 

Beam  Ho.  576 . 1 — It  is  not  known  how  to  class  the  failure  of 
this  heam.  The  steel  over  the  support  did  not  reach  the  yield  point, 
hut  the  hent  down  anchored  rods  may  have  passed  the  yield  point 

opposite  the  gauge  S.  The  straight  unanchored  rods  showed  a slip  of 

I 0.0310  and  0.0450  inches  respectively  at  the  load  of  155,300  lbs. 

| 

i This  may  have  shifted  the  stress  onto  the  anchored  rods  causing  them 
to  pass  their  yield  point.  As  shown  hy  the  photograph, 
page  11}. a large  diagonal  crack  opened  west  of  the  west  support  and 

i did  not  close  upon  release  of  the  load.  It  is  further  noticed  that 

! the  concrete  crushed  at  the  bottom  near  the  sunport  and  that  the 

rod  in  the  compression  side  buckled  due  to  this  compression.  This 
crushing  of  the  concrete  and  buckling  of  the  rods  occurred  at  the 
ultimate  load.  This  all  points  to  the  belief  that  the  failure  was 
not  primarily  due  to  diagonal  tension.  It  will  he  noticed  that  at 
the  ultimate  load  of  141  100  lbs.  a .crack  opened  at  the  west  end  of 
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the  "beam  which  was  probably  caused  by  the  partial  straightening  out 
of  the  anchored  rods  at  that  point. 

Beam  Bo . 376 . 2 . — The  failure  of  this  beam  was  similar  to 
that  of  376.1  although  the  ultimate  load  was  much  higher,  reaching 
178  000  lbs.  The  two  inside  rods  over  the  support  passed  the  yield 
point,  but  the  outside  straight  ended  rods  did  not  reach  the  yield 
point,  fhese  unanchored  rods  at  both  ends  of  the  beam  showed  a 
large  amount  of  slip  which  probably  caused  the  diagonal  crack  to 
open  up  so  wide  after  the  yield  point  of  the  two  inside  rods  was 
passed. 

Slipping  of  Bods. — At  the  west  end  of  the  beam,  the  3/4 
inch  round  rods  which  were  anchored  as  shown  in  the  figure,  were 

examined  after  the  test. 


The  north  one  was  found  to  have  slipped  in  the  direction  B about 
0.02  inch,  and  in  the  direction  C about  0.01  inch.  The  south  one 
had  slipped  about  the  same  amount.  Bo  slipping  of  the  east  ends 
of  these  same  rods  terminating  near  the  inside  load  point  was  found. 
At  the  east  end  of  the  hearn  no  slipping  of  the  anchored  ends  of  the 
bent  down  rods  was  found. 

Settlement,  Cracks. — Burner ous  large  openings  were  found 
underneath  the  horizontal  tension  rods  over  the  supports.  A rough 
estimate  of  the  reduction  of  bond  surface  caused  by  the  settlement 

would  place  it  at  about  25  per  cent  or  30  per  cent  of  the  total 
available  bond  area.  Bo  settlement  cracks  were  found  under  the 
horizontal  steel  in  the  bottom  of  the  beam,  since  these  rested  on 
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the  concrete  there  as  a roans  of  support  for  the  unit  frame  while 
1 "’5  "the  concrete.  Attention  is  called  to  the  photograph  page 

45.  Underneath  three  of  the  stirrups  near  the  inside  load  point 
at  the  west  end  of  the  "bean,  the  concrete  was  found  to  have  settled 
away  from  the  looped  part  of  the  stirrup  near  the  top  of  the  "beam. 
This  settlement  crack  was  as  much  as  0.1  inch  in  some  cases,  ^his 
settlement  was  not  found  under  the  other  we"b  reinforcement  similarly 
anchored. 

Crushing  Under  Bends  in  Longitudinal  Rods.— At  the  west  end 

of  the  beam,  cracks  were  found  on  the  outside  perimeter  of  the  "bend 

at  the  points  where  the  two  inside  horizontal  "bars  are  "bent  downward, 

ITo  cracks  could  "be  detected  at  these  points  of  the  corresponding 

rods  at  the  east  end  of  the  team. 

Crushing  of  Concrete  Under  Stirrups. — At  a few  places  near 

the  supports,  particularly  the  west  one,  the  concrete  beneath  the 

and 

web  reinforcement A just  over  the  horizontal  rods  could  be  scratched 
out  with  a small  nail,  seeming  to  indicate  that  the  concrete  there 
had  crushed.  This,  however,  was  the  case  with  only  a few  of  the 
I stirrups  and  the  crushed  condition  may  have  been  caused  by  other 
things  than  the  stress  in  the  web  steel.  The  concrete  was  so  badly 
broken  up  due  to  the  collapse  of  the  beam,  that  it  was  hard  to  tell 
just  what  caused  this  crushing  under  the  stirrups. 

The  stirrup  on  which  were  located  the  gauge  lengths  0 and  ? 

was  found  necked  at  the  middle  drilled  contaot  hole. 

' 

Beam  ITo . 576.5. — This  one  carried  a load  of  159  300  lbs. 
before  failure.  It  is  believed  the  slipping  of  the  unanchored  rods 
was  the  primary  cause  of  failure,  since  the  north  bar  at  the  west 
end  slipped  a total  amount  of  0.21  inch  and  the  south  one  0.52  inch. 
It  will  be  noted  from  the  photographs  on  page  114.  that  the  con— 
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Crete  crushed  and  buckled  "between  the  west  support  and  the  inside 
load  point.  Slight  crushing  occurred  around  both  supports  on  the 
north  face,  it  appearing  from  the  way  the  concrete  flaked  off  that 
this  crushing  was  in  a horizontal  direction.  Slight  crushing  also 
occurred  just  west  of  the  inside  west  load  point,  and  just  under  it. 
All  of  this  crushing  was  at  a load  of  139  800  lb.  On  account  of  the 
18  inch  H— Beam  showing  signs  of  crippling  at  a load  of  139  800  lbs., 
the  load  was  released,  the  steel  beam  strengthened,  and  the  loading 
applied  rather  rapidly.  Only  122  300  lbs.  could  be  applied.  At 
this  load  the  crushing  between  the  west  support  and  the  inside  load 
point  became  very  serious.  Soon  after  this  the  buckling  on  the 
north  face  of  the  beam  occurred. 

Slipping  of  Bods. — The  v/est  ends  of  the  unanchored  3/4  inch 
horizontal  bars  were  too  deep  to  easily  find  and  apply  instruments  . 
to.  These  unanchored  rods  at  the  east  end  were  flush  with  the  end 
surface  of  the  beam,  permitting  the  use  of  Ames  dials  for  measuring 
slip.  Then  the  139  800  lbs.  load  was  taken  off,  the  dials  showed 
a-  backward  movement  though  by  no  means  enough. to  reach  the  initial 
zero  reading.  The  amount  of  slipping  of  the  west  bars,  as  above 
mentioned,  was  found  by  cutting  away  the  concrete.  The  bent  down 
anchored  rods  as  shown  by  sketch  slipped  slightly.  At  B the  crack 
between  the  outside  perimeter  of  the  rod  and  the  concrete  was  about 
1/32  inch  wide;  and  at  0 the  crack  could  scarcely  be  detected  by 
the  naked  eye,  though  it  was  apparent  that  some  motion  had  occurred 
It  may  be  mentioned  ^ this  connection  that  this  is  the  only  beam 


49 


ILLUSTRATION  OF  CRUSHING  OF  CONCRETE  IN  FRONT 
OF  CORRUGATIONS  OF  BARS 


An  exarninat i on  of  "the  above  will  show  "the  places  at  which  the 
crushing  occurred,  it  should  be  studied  in  connection  with 
the  figure  referred  to  above. 


(Toncre^e  7orUen  from  Tor’  of  Beam  376-6 
See  Future  Fbcje  So. 


The  arrows  /ncf/cafe  a/irecf/on  of 

pcv//  of  roa/s  re  I a five  fo  fhe  ec?r?c  re  f 
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showing  any  slip  of  the  bars  at  this  point.  In  the  oaso  of  the  hor- 
izontal steel  on  which  the  gauge  length  ? was  located,  at  139  800 
I 47 -ie  r0(l  slipped  so  that  the  concrete  prevented  putting  the  in- 

strument point  in  for  the  purpose  of  taking  a reading. 

Crushing  of  Concrete  Under  Stirrups. — At  the  west  end  of  the 
: "beam,  the  concrete  was  cut  away  and  the  concrete  between  the  loops 
of  the  web  steel  and  the  horizontal  rods  wras  examined.  In  many 
places  the  concrete  could  be  scratched  out  with  a snail  nail,  indi- 
cating tnat  the  concrete  had  been  crushed,  but  this  crushing  may  have 
teen  due  to  other  causes  at  time  of  collapse. 

Seam  Ho.  376,6 — This  failure  was  evidently  by  tension  in  the 
steel  over  the  supports.  In  the  latter  stage  of  the  test  the  load 
| indicated  by  the  machine  would  drop  off  rapidly,  indicating  a rapid 
; elongation  of  the  steel.  The  cracks  which  opened  up  r/ere  all  com- 
paratively  small,  the  largest  being  only  about  0.02  inch  wide. 

Slipping  of  Rods. — The  concrete  was  cut  away  from  the  anch- 
I ored  ends  of  the  3/4- inch  rods,  but  no  cracks  indicating  movement 
could  be  found.  The  top  layer  of  concrete  was  removed  from  the 
Horizontal  rods  at  tne  west  end  of  the  beam.  In  a number  of  nlaces 
concrete  clung  to  the  corrugations  indicating  that  the  bond  failure 
had  allowed  crushing  of  the  concrete  in  front  of  the  corrugations 
wnen  the  tension  in  the  steel  was  sufficient.  The  sketch  given  here- 
with shows  the  range  over  which  this  crushing  was  found. 


P/an  l//ew  of  Wes/  Pnaf 


. 


. 


- 

, . 
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Tho  shaded  portions  of  the  rods  show  the  regions  over  which  this 
crushing  occurred  and  caused  the  concrete  to  cling  to  the  rods.  Of 
course  it  is  possible  for  slight  crushing  to  take  place  and  yet  not 
leave  visible  evidence  of  it.  The  sketch  below  shows  the  appearance 


of  the  rods  with  concrete  clinging  to  the  corrugat ions . The  large 
arrow  indicates  the  direction  of  "pull"  of  the  rods  relative  to  the 
concrete. 

Crushing  Under  T,  eb  Steel. — There  was  no  visible  evidence  of 
crushing  of  the  concrete  between  the  horizontal  rods  and  the  web 
reinforcement . Uhile  cutting  off  the  concrete  in  search  of  such  evi- 
I donee,  it  was  observed  that  the  concrete  was  very  hard  and  flinty. 


C/vny  fo  ffoa/s- 
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15*  Analysis  of  Test  Data . — In  discussing  the  results 
of  the  tests, it  must  he  kept  in  mind  that  the  unit  deformations 
found  in  the  weh  reinforcement  are  given  as  average  values  over 
the  gaged  lengths.  There  would  seem  to  he  no  question  that  the 
stress  in  a stirrup  is  not  uniform  over  a 6-in.  gage  length,  hut 
varies  from  point  to  point.  This  non-unif ormity  of  stress  may 
he  even  greater  when  a crack  forms  across  the  rod,  because  then 
the  steel  may  even  pass  the  yield  point  at  the  crack.  measure- 
ments made  after  the  steel  had  passed  its  yield  point  would  not 
give  the  average  stress  since  it  is  evident  that  the  deformation 
is  not  proportional  to  the  stress  after  the  yield  point  is  passed. 
The  stresses  found  in  the  horizontal  rods  over  the  support  and  at 
tne  center  of  the  span  of  the  heara  may  he  considered  the  maximum 
stresses  at  these  points.  This  is  somewhat  of  an  assumption  re- 
garding the  stress  in  the  steel  over  the  support  where  the  mom- 
ent is  changing  rapidly  along  the  length  of  the  beam.  The  meas- 
ured stresses  on  the  weh  reinforcement  are  valuable  more  as  a 

means  of  comparison  of  phenomena  rather  than  as  exact  data  of  the 
actual  stresses  occurring. 

In  ohe  analysis,  the  following  order  of  discussion 
will  he  observed:  A.  Do  the  results  show  the  present  theory  of 

stresses  in  web  reinforcement  as  given  in  the  introduction,  to  he 
correct,?  3.  Is  there  a similarity  in  the  stresses  measured  on 
companion  beams  having  identical  properties?  G.  If  the  present 
tneory  is  incorrect,  do  ohe  results  indicate  a law  of  action  of 
the  weh  stresses?  D.  After  these  points  have  been  considered, 
o oher  o oserved  phenomena  of  a general  nature  will  he  discussed, 
particularly  as  tney  affect  weh  stresses. 
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A 

A study  of  the  graphs  and  tabulated  test  data  will  throw 
light  on  the  stresses  in  the  web  reinforcement.  It  will  be  ob- 
served that  there  is  very  little  uniformity  in  the  results,  but 
it  is  also  clear  that  if  the  stresses  found  are  any  where  near 
the  maximum  stresses  present,  the  calculation  of  stresses  by  the 

formula  . . s and  0.7  — .s  gives  values  too  high.  Par  beams 
Jd  jd 

having  only  vertical  stirrups  1/4- in.  in  diameter  and  spaced 
4- in.  apart,  the  unit  stress  in  each  stirrup  for  any  load  of 
P Tbs*,  for  the  beams  tested, will  equal  approximately  0.5  P ac- 
cording to  the  above  formula,  and  assuming  j to  be  0.8G,  it  is 
certain  that  not  all  the  stirrups  showed  the  same  stress.  An- 
other noticeable  phenomenan,  as  shown  by  the  graphs,  is  the  rap- 
id increase  in  stress  after  the  opening  of  a crack  across  the 
steel.  It  will  be  noticed  that  this  rapid  increase  of  stress 
often  begun  somewhat  before  the  crack  was  visible,  but  this  does 
not  mean  that  the  concrete  web  had  not  failed  in  tension  then, 
because  such  failure  may  take  place  and  the  line  of  failure  be 
invisible.  Hot  only  is  there  a marked  difference  among  the 
stresses  in  various  parts  of  similar  web  reinforcement,  but  very 
few  of  the  measured  stresses  reached  as  high  a value  as  0.5  P. 

In  view  of  the  foregoing  wide  disagreement  between  observed  and 
calculated  stresses,  and  assuming  the  observed  stresses  to  be 
approximately  representative  of  the  actual  stresses,  the  con- 
clusion that  the  calculated  stresses  are  incorrect  seems  justi- 
fiable . 

B 

The  next  logical  step  is  to  seek  some  clue  to  the 
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By  corresponding  gage  length  is  meant  a* gage  length  located  at  approximately  the  same 
relative  point  on  beam  376  .2  as  the  opposite  gage  length  listed  under  team  376.1 

All  loads  and  stresses  are  expressed  in  thousands  of  pounds,  c38  compression,  otherwise 
the  stress  is  tension. 
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Comparison  of  Measured  Stresses  in  Companion  Beams 


A Comparison  of  Measured  Web  Stresses  in  Companion  Beams 


r. 


8 

to 

m 

O 

O 

0 

CO 

0 

03 

• 

• 

« 

• 

• 

• 

• 

• 

t 

• 

O 

co 

to 

03 

lO 

0 

in 

rH 

03 

03 

rH 

03 

rH 

rH 

rH 

03 

0 

rH 

0 

0 

to 

to 

c 

O 

O 

O 

4 

• 

• 

« 

• 

• 

• 

• 

• 

« 

CO 

00 

CO 

«H 

to 

cs 

o> 

0 

03 

Q 

O 

rH 

O 

rH 

r~\ 

0 

to 

00 

to 

O 

to 

CD 

O- 

to 

CO 

m 

0 

t) 

03 

O 

O 

to 

o> 

03 

O 

0 

O 

O- 

co 

CO 

0- 

to 

rH 

o- 

0 

0 

lO 

03 

03 

rH 

0 

0 

CO 

0 

0 

rH 

O 


03 

tO 

c-  o 
to  to 


to 


r*4 

• 

to 

l>- 

to 


» C Xi 
•d  S)  -h  .»  +> 
aS  £1  *d  Sb  t>o 


6 ^ 

CJ  cd  C!  E-t 

o’ 

« 

*-3 

M 

*-* 

W 

e 

PQ 

X!  0 

0 0 1) 

O 

O 

O 

CO 

rH 

0- 

to 

c- 

03 

05 

03 

to 

rH 

rH 

CO 

05 

to 

CD 

rH 

03 

03 

m 

rH 

03 

03 

rH 

rH 

0 

rH 

03 

m 

03 

CO 

CO 

03 

rH 

to 

CO 

• 

• 

« 

• 

♦ 

« 

* 

• 

ao 

cvj 

rH 

to 

C- 

0- 

CVJ 

O 

03 

rH 

rH 

rH 

rH 

rH 

O 

rH 

to 

03 

m 

in 

03 

05 

0- 

rH 

to 

CO 

4 

• 

• 

• 

• 

* 

« 

• 

4 

# 

co 

o> 

to 

co 

rH 

o- 

CD 

00 

rH 

rH 

0 

m 

m 

0 

rH 

£S 

o- 

03 

cc 

0- 

• 

» 

* 

« 

* 

, • 

• 

• 

• 

rH 

to 

to 

0 

O 

to 

co 

D- 

o o 

to  • 

10 


lO  (—4 

rH  * 


_ Xl 

9 03 

•O  to  60 

O O C3 

h;  tX 


57 


50 


conditions  governing  the  weh  stresses.  It  is  natural  to  ex- 
pect gage  lengths  having  corresponding  locations  on  companion 
beams  to • show  approximately  similar  stresses  under  the  same  load. 
To  illustrate,  consider  two  beams  of  practically  identical  prop- 
erties and  a stirrup  in  each  beam  8- in.  from  the  support.  Then 
if  me asm ements  are  made  on  the  top  6— in.  of  these  stirrups,  one 
would  expect  to  find  about  the  'same  stresses  at  corresponding 
loads.  As  indicated  by  the  tabulated  test  results  on  pages  54 
57  arranged  for  comparison,  it  is  evident  even  upon  a casual 

study  of  them  that  there  is  very  little  similarity,  either  in 
magnitude  or  in  the  nature  of  the  variation  of  the  stresses  as 
the  load  was  increased.  One  factor  likely  to  cause  this  is  the 
quality  of  the  concrete;  another  is  the  afore-mentioned  caution 
that  the  measured  stresses  are  not  maximum  stresses;  another  is 
the  distribution  of  diagonal  tension  cracks. 


Before  taxing  up  a study  of  the  beams  containing  web 
reinforcement,  it  will  be  well  to  examine  the  action  of  a beam 
without  web  reinforcement  and  particularly  the  action  of  the 
. middle  portion  of  374.1  tested  as  a simple  beam.  Referring  to 
one  sketch  oi  ,it  on  page  60  it  will  be  seen  that  a diagonal  ten- 
sion crack  opened  at  a load  of  34  000  lbs.  which  extended  from 
cne  horizontal  steel  to  within  about  3- in.  of  the  top  of  the 
beam.  This  crack  was  inclined  at  an  angle  of  about  45°  with 
ohe  horizon oal  and  ii  extended  would  terminate  near  the  load 
point.  On  the  other  end  the  diagonal  crack  opened,  making 
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approximately  the  same  angle  with  the  horizontal,  hut  extending 
toward  a point  within  the  load  point.  Referring  to  Pig. 
page  60  which  is  a reproduction  of  the  sketch  of  this  he am,  it 
.may  he  considered  that  there  is  something  in  the  nature  of  truss 
action  after  the  diagonal  crack  has  opened.  Assume  the  portion 
to  the  right  of  the  crack  to  he  hinged  at  the  point  A and  for 
simplicity  assume  that  all  the  shear  is  carried  hy  the  concrete 
at  the  point  A,  This  latter  assumption  is  justifiable  in  the 
case  of  longer  beams  with  third  point  loading  where  there  is  a 
considerable  distance  between  the  support  and  the  bottom  of  the 
crack,  because  in  that  case  the  bars  will  strip  off  from  the 
concrete  at  high  loads  and  all  the  shear  will  be  thrown  on  the 
concrete  at  A.  faking  moments  about  B we  have 

13  H-  19  V - 0 but  V = £ 

£ 

hence 

R = iL*J-L J-..  - .73  P or  about  iL_r 

4 

On  this  basis  when  P = 61  000  lbs.  which  was  the  ultimate  load, 

V = 35  500  lb.  and  the  unit  shear  on  the  3 X 8- in.  section  at 
A = 1 480  lb.  per  sq.  in.  also  H = 45  750  lb.  and  the  unit  com- 
pression equals  1 900  lb.  per  sq.  in.  The  compressive  and 
shearing  stresses  at  A are  high  and  the  failure  was  probably 
due  to  the  former  since  it  is  probable  that  the  rods  at  the  bot- 
tom carried  a large  portion  of  the  vertical  shear.  The  actual 
compressive  area  at  A may  have  been  smaller,  and  the  centroid 
may  have  been  nearer  the  load  point.  Both  of  these  factors 
would  raise  the  unit  compressive  stress  at  A and  failure  might 
follow  by  crushing.  The  short  distance  between  the  load  and 
the  support  of  this  beam  would  prevent  a failure  by  stripping 


ei 


off  the  bars  and  this  condition  probably  accounts  for  the  hi  h 
load  carried  by  this  beam.  The  bond  stress  developed  on  the 
portions  of  the  rods  over  the  supports  was  probably  comparative- 
ly high,  especially  on  the  two  running  straight  through.  The 
stress  in  each  rod  at  the  crack  equaled  about  11  400  lb.  and 
the  area  imbedded  was  about  52  3q.  in.  This  would  mean  a bond 
stress  equal  to  220  lb.  per  sq.  in.  which  was  'probably  not  enough 
to  cause  slipping. 

i 

Referring  to  Fig.  g page  50  imagine  a single  stirrup 
across  the  typical  diagonal  tension  crack  and  8- in.  from  the 
support.  Taking  moments  about  A and  again  assuming  no  shear 
to  be  taken  by  the  rods  at  H,  there  results, 

13  H + 8 D : 32 

A 

-X  \ 

but  4.  - V \ 

* 7 ' 

hence  D - JL . " r total  stress  in  d. 

- “ ' • 

From  the  conditions  the  amount  of  the  stress  in  a is  indeter- 
minate. Before  the  crack  opens  very  little  stress  will  be 
thrown  on  cl,  but  upon  the  opening  of  crack,  the  deformation  in 
e,  vertical  direction  will  throw  some  stress  upon  d and  this 
stress  will  increase  as  the  deformation  in  a vertical  direction 
increases.  If  instead  of  the  vertical  stirrup  at  this  section 

there  is  a rod  inclined  at  45° , then  the  stress  on  it  will  be 

b = 52  Y - 15  II 

10.5 

This  does  not  mean  that  the  stress  in  b is  less  than  in  d.  The 
amount  of  stress  will  depend  upon  the  amount  of  deformation  in 
the  direction  of  the  length  of  the  web  steel.  The  question 
will  likely  be  raised  here  as  to  the  relative  deformation  in 
the  two  directions.  It  is  evident  that  before  the  crack  opens 
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ohe  stress  on  b will  be  much  more  than  the  stress  on  d since  the 
maximum  diagonal  tensile  stress  acts  approximately  in  the  direc 
tion  of  the  former,  causing  some  stress  in  b from  the  beginning, 
although  not  very  much  on  account  of  the  strength  of  the  concrete 
web.  The  amount,  of  deformation  in  the  direction  of  b will  be 
the  i e sultan t of  the  amounts  in  horizontal  and  vertical  direc- 
tions. This  would  indicate  that  the  deformation,  and  conse- 
quently the  stress,  in  the  direction  b to  be  greater  than  in 
d.  . In  a general  way  the  results  of  the  tests  shov/  this, 

Had  sufficient  measurements  been,  made  on  the  horizontal 
iou-s  a l the  points  where  the  typical  diagonal  cracks  opened, 
the  total  amount  of  the  moment  carried  by  the  web  reinforcement 
across  the  crack  could  be  determined  approximately.  The  meas- 
urements which  were  taken  indicate  in  a general  way  the  amount 
01  stress  taken  by  the  horizontal  rods  at  the  crack.  Refer- 
ring to  Pig.  8 page  121  of  beam  372.1  it  will  be  seen  that  the 
average  unit  stress  indicated  by  gage  lengths  P and  Q are  fair- 
ly representative  of  the  average  stress  in  the  four  rods.  At 
a load  of  80  000  lb.  the  average  stress  measured  over  the  tyoi- 

cal  diagonal  crack  to  the  west  of  the  support  is  about  23  000 

lb. 

faking  moments  about  a point  2- in.  above  the  suoport 


there  results 


ilt 


-0  000  A 3*.  = 1.76  X 23  000  4 (the  sum  of  the  moments 

(due  to  the  stresses  in 
(the  stirrups) 

fms  leaves  a moment  of  114  000  inch  lb.  to  be  taken  by  the 
stirrups,  whereas  the  measured  stresses  in  the  stirrups  give  a 
moment  of  only  71  300  inch  lb.  This  discrepancy  is  to  he  ex- 
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pedted  since  what  has  "been  said,  heretofore  regarding  the  meas- 
ured stresses  as  being  less  than  the  maximum  stresses  present. 

The  moment  taken  by  the  v/eb  reinforcement  will  reduce 

n 1 

the  stress  in  the  horizontal  rods  at  the  crack  and  this  is 
found  t o have  been  the  case.  Were  there  no  web  reinforcement, 
and  neglecting  the  portion  of  the  shear  carried  by  the  vertical 
tension  in  the  concrete  surrounding  the  horizontal  rods,  the 
stress  in  these  rods  at  the  crack  would  equal  the  stress  immed- 
• iately  over  the  support.  This  has  reference  of  course  to  high 
loads, meaning  by  this  term  a stage  of  the  loading  after  the 
transition  from  beam  action  to  truss  action. 

D. 

High  nona  B presses.  - When  the  typical  diagonal  crack 

\\ 

< opens  across  the  horizontal  rods,  as  shown  by  the  sketches,  the 
stress  in  tnese  rods  at  this  point  is  much  higher  than  would  be 
the  case  were  the  stress  there  due  only  to  beam  action.  Ref- 
erence to  (C)  above  will  show  this  to  be  true.  If  there  were  no 
tiuss  action,  che  stress  at  any  point  would  be  proportional  to 
the  external  bending  moment  at  that  point,  and  this  is  the  usual 
assumption  used  in  figuring  the  stress  in  the -horizontal  steel. 

On  this  basis,  the  calculated  bond  stresses  assumed  to  be  dev- 
eloped in  the  beams  tested  would  probably  not  be  excessive. 

But  with  the  high  stresses  found  in  the  horizontal  steel  at  these 
points  of  the  beams  tested,  excessive  slipping  is  to  be  expected. 
This  fact  shows  the  necessity  of  a longer  length  of  rod  for  the 
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purpose  of  anchorage. 

Slipping  of  Stool  and  Web  Stresses.  - If  all  the  hori- 
zontal rods  ran  straight  to  the  end  of  the  bean,  and  all  "began 
slipping  at  the  same  time,  the  crack  would  open  more,  resulting 
in  "both  horizontal  and  vertical  deformation  at  the  crack.  This 
would  throw  more  stress  upon  the  web  reinforcement,  especially 
the  inclined  steel.  If  a part  of  the  horizontal  rods  are 
anchored,  a part  of  the  stress  will  be  shifted  from  the  un- 
anchored rods  to  these.  The  deformation  will  hence  be  great- 
er and  a higher  stress  will  be  thrown  upon  the  web  reinforce- 
ment than  would  be  the  case  if  all  the  rods  were  anchored  equal- 
ly. This  would  suggest  the  advisability  of  keeping  the  per- 
centage of  steel  practically  uniform  throughout  the  length  of 
the  beam  where  the  shear  is  constant,  not  only  to  prevent  exces- 
sive web  stresses,  but  also  to  prevent  failure  in  the  horizontal 
steel  at  the  crack.  Another  effect  of  the  slipping  of  the 
horizontal  steel  would  be  the  crushing  or  shearing  of  the  con- 
crete at  the  bottom  of  the  diagonal  crack.  This  would  be  due 
to  the  reduction  of  the  compression  and  shearing  area  caused  by 
the  crack  opening  up  further  down  when  the  horizontal  rods  in 
the  top  of  the  bear.  slip. 

Anchorage  of  Web  Reinforcement  to  Horizontal  Rods.  - 
If  the  web  reinforcement  is  inclined,  it  will  be  necessary  to 
have  rigid  attachment,  since  the  limit  of  the  strength  of  an 
inclined  member  not  rigidly  attached  would  be  the  tensile 
strength  of  the  concrete  at  the  point  of  connection  with  the 
horizontal  steel.  Simply  looping  vertical  stirrups  under  cl- 
over the  horizontal  steel,  depending  on  whether  the  moment  is 
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positive  or  negative  at  that  point,  would,  seem  to  "be  sufficient 
ancnoiage  provided  sharp  lends  are  avoided  and  low  compressive 
stresses  Detveen  ohe  stirrup  and  the  horizontal  steel  are  main- 
tained. The  restraining  action  of  the  surrounding  concrete 
will  permit  higher  working  compressive  stresses,  and  the  use  of 
small  rods  rather  than  the  same  cross  section  of  larger  rods  will 
keep  the  compressive  stresses  low. 

Deformed  vs.  Smooth  Rods  in  Preventing  Slipping.  - An 
inspection  of  table  VI  page  110  will  indicate  little  difference 
between  the  bond  unit  stress  at  the  first  slipping  of  the  cor- 
rugated rods  and  the  plain  rods.  In  general  it  appears  that 
the  rate  of  slipping  after  the  initial  bond  failure  was  greater 
for  the  smooth  rods.  The  results  are  not  conclusive,  however, 
since  the  amount  of  settlement  under  the  rods  will  affect  the 
problem,  and  i,he  amount  of  settlement  is  an  uncertain  quantity. 
But  it  is  reasonable  to  expect  the  deformed  bars  to  give  higher 
bond  i esistance  afcer  the  initial  slip  than  the  plain  rods. 
j.he  crushing  of  che  concrete  in  front  of  the  corrugations  was 
very  evident  in  all  the  beams  having  corrugated  bars.  This 
would  suggest;  one  advisability  of  having  the  corrugations  so  ar- 
ranged that  .die  crushing  area  in  front  of  the  corrugations  would 
be  greater.  The  anchorage  would  then  be  due  both  to  the  crush- 
ing resistance  of  the  concrete  in  front  of  the  bars,  and  the 
"running  friction”  on  the  horizontal  surface  of  the  bars. 

Bending  Horizontal  Rods.  - The  crushing  found  under 
the  bends  of  many  of  the  longitudinal  rods  emphasizes  a neces- 

sary  precaution  in  this  respect..  The  crushing  stress  brought  on 
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the  concrete  under  the  hend  will  he  the  component  of  the  tension 
in  the  steel  there  which  acts  normal  to  the  concrete  surface 
under  the  hend.  There  will  he  components  acting  in  nearly  all 
directions  due  to  the  curved  semi-cylindrical  surface  in  contact 


with  ohe  rod.  Only  those  acting  in  a vertical  plane  need  he 
considered  if  the  distance  of  this  hend  from  the  exterior  sur- 
face of  tne  heam  is  sufficient  toprevent  the  outward  buckling 
of  the  concrete  noticed  on  heam  572.2.  The  use  of  hends  of 
larger  radius  is  to  he  recommended. 

Settlement  Cracks.  - The  settlement  cracks  found  under 
tne  rods  of  several  of  the  beams  will  show  the  necessity  of  pro- 
viding additional  length  of  bar  for  anchorage  to  take  care  of 
A r>earoh  :"or  similar  cracks  was  not  made  in  the  cases 
0x  ',ne  otner  earns,  hut  it  is  believed  such  cracks  were  there. 

In  making  the  beams,  the  top  horizontal  rods  ?/ere  supported  un- 
til the  concrete  was  stiff,  and  the  shrinkage  and  settlement  in 
a depth  of  15- in.  would  he  serious  in  any  case.  It  would  not 
he  safe  to  count  upon  more  than  about  1/2  of  the  total  area  of 
these  rods  as  effective  against  initial  slip.  The  gripping 
effect  of  the  concrete  on  the  rods  will  he  greatly  reduced  if 
onese  cracks  form.  If  the  rods  are  deformed,  and  the  settle- 
ment cracks  are  not  too  serious,  a greater  percentage  of  the 
total  area  would  probably  he  available,  though  the  uncertainty 
of  this  would  not  warrant  one  in  counting  on  a greater  percent- 
age of  the  total  surface  of  the  rod. 

After  small  cracks  open  across  the  horizontal  steel, 
wauor  ..ill  likely  find  its  way  into  the  open  space  under  the  rods 
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and  corrosion  might  ensue.  This  is  entirely  possible  since 
the  cracks  open  at  working  loads,  and  in  girders  exposed  to  the 
weather  the  chance  of  water  entering  these  cracks  is  good  in- 
deed. 

Effect  of  Quality  of  Concrete.  - If  the  concrete  is 
of  a good  quality  and  v/ell  placed,  the  diagonal  cracks  will  open 
at  higher  loads,  the  bond  resistance  will  be  higher,  the  crush- 
ing and  shearing  strength  of  the  concrete  will  be  greater  and 
the  deformations  in  the  directions  of  the  web  steel  will  be  small 
er . The  failures  of  beams  576.1  and  576.5  are  believed  to  have 
been  due  to  crushing  of  the  concrete.  The  companion  beams 
576.2  and  576.6  carried  a much  higher  load  and  fa  led  by  tension 
in  the  steel.  It  will  be  noted  that  in  the  former  beams,  the 
slipping  of  the  horizontal  rods  was  excessive,  whereas  in  the 
latter,  the  slipping  was  small.  Furthermore,  as  noted  else- 
where, the  concrete  of  beams575.2  and  376.6  proved  to  be  very 
hard  as  found  during  the  process  of  cutting  them  up. 

Deep  vs.  Shallow  Beams.  - The  high  loads  as  measured  by 
the  unit  shear  carried  by  the  middle  portions  of  beam  571.2  and 
374.1  indicate  that  a relation  exists  between  the  depth  of  beam 
and  tne  unit  shear  developed.  The  slenderness  ratio  may  also 
affect  the  load  that  can  be  carried  by  beam  of  given  cross  sec- 
tion. These  phases  will  not  be  gone  into  further  but  are  men- 
tioned as  being  fruitful  subjects  for  investigation. 

Horizontal  Steel  in  Two  Planes.  - If  the  horizontal 
Sbeel  ia  placed  in  two  planes  at  the  points  where  the  diagonal 
cracks  are  expected  to  open,  greater  stiffness  will  be  secured 
and  more  oi  the  total  vertical  shear  can  be  counted  upon  as  be- 
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ing  carried,  by  them.  This  will  relieve  the  stress  on  the  web 
steel  as  well  as  the  crushing  and  shearing  stresses  at  the  point 
where  the  compression  member  of  the  truss  is  imagined  as  hinged. 

Previous  So-CJalled  Diagonal  Tension  Failures.  - In 

the  light  of  this  series  of  tests  and  the  above  discussion,  it 

shod 

would  seem  that  in  many  of  the  publi/  records  of  tests  in  which 
the  failures  were  classed  as  caused  y diagonal  tension,  the 
statement  of  the  method  of  failure  may  be  questioned.  Little 
or  no  attention  has  heretofore  been  given  to  the  slipping  of 
the  horizontal  rods,  and  little  or  no  mention  lias  been  made  of 
the  stiffness  of  the  horizontal  rods  affecting  seriously  the 
results  of  tests  on  beam,  especially  those  without  web  rein- 
forcement. Several  of  the  beams  tested  by  Messrs.  Kaeffner 
and  Brooks  this  year  showed  serious  slipping  of  the  unanchored 
horizontal  rods.  These  failures  were  classed  as  diagonal  ten- 
sion failures.  Only  four  of  such  beams  were  examined,  but 
each  of  these  showed  that  serious  slipping  had  occurred. 

Tensile  Stresses  in  Rods  in  Regions  of  Zero  Moment. - 
Reference  to  the  measurements  on  gage  lengths  E and  F of  beam 
376.1  will  show  the  largest  unit  stresses  measured  were  approxi- 
mately 27  OOO  lb.  and  22  000  lb.  respectively.  These  gages 

,,  . , „ . __  _ _ of  beam  372.2 

are  near  tne  point  of  inflection.  Gage  length  £ was  on  a point 

of  one  of  the  horizontal  rods  almost  directly  over  the  point  of 

inflection.  The  largest  unit  tensile  ©tress  measured  on  this 

gage  length  was  17  500  lb. 

Stresses  in  Web  Steel  beyond  the  Yield  Point.  - 
Reference  to  the  graphs  and  the  tabulated  test  data  will  show 
that  the  indicated  average  unit  stress  was  greater  than  the 
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yield  point  of  the  steel  in  some  cases.  The  particular  gage 
lengths  showing  this  high  stress  can  he  picked  out  by  keeping 
in  mind  the  yield  point  of  the  steel  as  given  in  table  I. 

High  Local  Bond  Stresses.  - It  is  believed  that  the 
local  slipping  found,  particularly  of  the  corrugated  bars, shows 
that  there  are  greater  bond  stresses  developed  than  are  usually 
considered  as  being  present. 

In  the  limited  time  available,  it  will  not  be  possi- 
ble to  go  into  a discussion  of  the  question  of  web  reinforce- 
ment in  detail.  The  foregoing  discussion  has  had  reference 
particularly  to  third  point  loading  which  means  uniform  shear. 

The  application  of  the  results  to  the  case  of  beams  uniformly 
loaded  would  be  instructive.  Furthermore,  the  discussion  of 
the  tested  beam  has  been  confined  almost  entirely  to  the  action 
of  the  portion  outside  of  the  support  where  the  so-called  diag- 
onal tension  failures  occurred.  The  action  around  the  point  of 
inflection,  and  the  beam  action  in  portions  of  the  beam  are 
other  points  not  considered.  The  proper  placing  of  the  web 
reinforcement  can  well  be  studied  from  the  data,  and  discussion 
given. 

It  is  felt  that  although  exact  mathematical  calcula- 
tion of  the  stresses  in  web  reinforcement  may  be  impossible, 
yet  this  series  of  experiments  throws  much  light  upon  the  action 
of  the  reinforced  concrete  beams  in  general  and  suggests  lines 
for  further  investigation  on  this  subject. 
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OBSERVED  DATA 


573.1 


V V 


LOAD 

h d 

hjd 

A 

B 

C 

D 

E 

F 

G 

2300 

4.8 

5.7 

.0785 

.0748 

.1425 

.2400 

.1042 

.0393 

.0797 

15000 

31.2 

37.2 

.0787 

c200  . 

.0753 

c500 

.1457 

c320C 

.2327 

t7300 

.1027 

tl500 

.0370 

t2300 

.0777 

t2000 

30000 

62.5 

74.4 

.0777 

t800 

.0747 

tioo 

.1437 

C1200 

.2329 

t7100 

.1017 

t2500 

.0367 

t2600 

.0770 

t2700 

45000 

93.6 

112 

.0745 

t4000 

.0733 

tl500 

.1437 

C1200 

. 2330 

t7000 

.1007 

t7000 

.0370 

t2300 

.0770 

t2700 

60000 

125 

149 

.0702 

t8300 

.0735 

tl300 

.1445 

C2000 

.2519 

t8100 

.1012 

t3000 

.0562 

t3100 

.0769 

t2800 

80000 

157 

198 

.0672 
t 11300 

.0725 

t2300 

.1432 

c700 

.2299 

tioioo 

.1012 

tsooo 

,0365 

t2800 

.0765 

t3200 

100000 

208 

248 

.0607 

tl7300 

.0697 

t5100 

.1454 

C2900 

.2277 

tl2300 

.0992 

t5000 

.0382 

tnoo 

,0757 

t4000 

114000 

238 

283 

.0593 

t!9200 

.0695 

t5300 

.1445 

C2000 

.2301 

t9900 

.1018 

t2400 

.0363 

t3000 

.0768 

t2900 

o = compression 
t = tension 


All  gage  lengths  6 in. 
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OBSEPVEU  DATA 


373,1 


LOAD 

H 

I 

J 

K 

L 

M 

TT 

0 

2300 

.2630 

.2870 

.1667 

.0840 

.0977 

.2150 

.2746 

.2305 

15000 

.2634 

c400 

.2857 

tl300 

.1653 

t!400 

.0824 

tl600 

.0970 

t700 

. 2144 
t600 

.2681 

t6500 

.2201 
t 10400 

30000 

.2678 

O4800 

.2840 

t3000 

.1617 

t5000 

.0824 

tl600 

.0964 

t!300 

.2102 

t4800 

.2615 

tl3100 

,2195 
t 11000 

45000 

.2583 

t4700 

.2828 

t4200 

,1599 

t6800 

.0833 

t700 

.0940 

t3700 

, 2033 
tll700 

.2586 

tloOOO 

.2139 

t!6600 

60000 

.2563 

t6700 

.2758 
t 11200 

,1588 

t790C 

,0795 

t4500 

,0912 

t6500 

.1971 

tl7900 

.2514 
t 23200 

.2048 

t25700 

80000 

.2508 
t 12200 

.2694 

tl7600 

,1521 

tl4600 

.0805 

t3500 

,0905 

t7200 

,1877 
t 27300 

.2424 

t32200 

,1994 

t31100 

100000 

.2508 
t 12200 

.2628 
t 24200 

,1448 
t 21900 

.0807 

t3300 

.0910 

t6700 

.1841 

t30900 

. 2338 

t40800 

.1925 

t38000 

114000 

.2434 

tl9600 

.2594 

t2760G 

,1421 

t24600 

.0808 

t3200 

.0898 

t7900 

,1801 

t34900 

. 2331 
t41500 

,1918 

t38700 
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OBSERVED  DATA 


LOAD 

P 

Q 

2300 

.2746 

. 2399 

1500C 

.2727 
1 1900 

.2599 

0 

30000 

.2663 

t8300 

.2402 

o300 

45000 

.2589 

tl5700 

.2368 

t3100 

60000 

.2521 

t22500 

.2306 

t9300 

80000 

.2455 

t31100 

.2274 

tl2500 

100000 

.2388 

t34800 

,2208 

tl9100 

114000 

. 2366 
t38000 

.2158 
t 24100 

373.1 


R 

S 

T 

. 1024 

.2560 

.0310 

.1024 

0 

.2397 

O5700 

.0269 

t4100 

.1014 

tiooo 

.2352 

t800 

,0260 

t5000 

. 1020 
t400 

.2386 

C2600 

,0260 

t5000 

.0992 

t3200 

.2388 

C2800 

.0229 

t8100 

.1012 

tl200 

. 2313 
t470C 

.0229 

t8100 

.0977 

t4700 

.2335 

t2500 

.0224 

t8600 

,0955 

t6900 

.2341 

t!900 

.0168 

tl4200 

U 

M 

W 

.1326 

. 2050 

.0240 

.1320 

t600 

.2754 

c4C0 

.0224 

tie  00 

.1318 

tsoo 

.2689 

teioo 

.0214 

t2600 

.1336 

clOOO 

.2699 

t5100 

,0220 

t2000 

. 1314 
tl200 

.2661 

t8900 

.0209 

t3100 

.1298 

t2800 

,2581 

tl6900 

.0209 

t3100 

.1252 

17400 

.2532 

t22800 

.0217 

t2300 

.1294 

t3200 

.2518 

23200t 

.0208 

t3200 
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373  .2 


V 

V 

Load 

A 

B 

C 

T) 

E 

bd 

bjd 

F 

2300 

.4  .7 

5.5 

.1493 

.1460 

.1693 

,Q4G0 

.1480 

.0533 

45000 

90  .7 

108  .0 

.1483 

.1450 

.1700 

.0460 

,1483 

.0523 

t 1000 

t 1000 

0 700 

00000  e 300 

tiooo 

60000 

121 

144 

.1430 

,1457 

.1683 

.0453 

.1447 

.0527 

t6300 

t 300 

t 1000 

t 700 

t3300 

t 600 

80000 

161 

197 

.1417 

,1460 

,1690 

,0469 

.138  7 

.0553 

t 700 

0000 

t 300 

0000 

t9300 

(32000 

100000 

202 

240 

• 1363 

, 1438 

.1890 

,0440 

.1377 

,0513 

t 13000 

t2200 

t 300 

t2000 

t!0300 

t 2000 

105000 

212 

279 

,1330 

.1430 

.1690 

,0418 

.1375 

.0500 

t 16000 

t3000 

t 300 

t4200 

U0500 

t3300 

G 

H 

I 

J 

K 

L 

M 

N 

2300 

.0523 

.1997 

.1623 

.1643 

.1030 

.0610 

.1195 

.0693 

45000 

.0555 

.1990 

.1620 

,1582 

,1017 

.0603 

,1077 

.0563 

c 

3200 

t 700 

t 300 

t6l00 

t 1300 

t 700 

t 118 00 

tl3000 

60000 

.0543 

.1973 

.1580 

.1547 

.1027 

.0580 

.1050 

.0493 

c 

2000 

t 2400 

t 4300 

t 9600 

t 300 

t 3000 

t 14 5 00 

t20000 

80000 

.0550 

.1977 

.1530 

.1450 

.1000 

.0540 

.0963 

.0413 

c 

2700 

t 2000 

t9300 

tl9300 

t 3000 

t 7000 

t23200 

t28000 

100000 

.0512 

.1983 

.1523 

.138  7 

.0990 

.0460 

.0920 

.0355 

t 

1100 

tl400 

tioooo 

t25600 

t 4000 

tl5000 

t27500 

t33  800 

105000 

.0500 

.1993 

.1530 

.1380 

.0990 

.0450 

.0747 

.0340 

c — compression 

AH  gage  lengths  6 in. 

t “ tension. 
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OBSERVED  DATA 
373. 2 


Load 

. 0 

P 

Q 

R 

S 

T 

U 

2300 

.1107 

.1803 

.1060 

.0972 

.0450 

.1687 

.2247 

45006 

.0973 

tl340C 

.1673 

tl3000 

.1107 
c 4700 

.1000 
c 2800 

.0460. 
c 1000 

.1667 

t 2000 

.2133 
t 6400 

60000 

.0913 

tl9400 

.1640 

tl6300 

.1063 
c 300 

.1000 
c 2800 

.0457 
c 700 

.1637 
t 5000 

.2150 
t 9700 

80000 

.0833 

t27400 

.1547 

t25600 

.1000 
t 6000 

.0983 
c 1100 

.0407 
t 4300 

,1503 

tl8400 

.2070 

tl770C 

100000 

.0763 

t34400 

.1497 

t30600 

.0927 
t 13300 

.0947 

t 2500 

.0367 

t 8300 

.1403 

t28400 

.2046 
t 20100 

105000 

.0770 

t33700 

t 

.0480 

.0880 
t 9200 

- 

.1500 

t!8700 

.2013 
t 23400 

V 

W 

X 

Y 

2300 

.1730 

.0980 

.0347 

.1370 

Rote: 

After 

release  of  the 

45000 

.1717 

t 1300 

.0880 

tioooo 

.0247 

tlO00Q 

,1800 
t 7000 

load, 

was 

the  reading  on”P” 
.1755  . 

60000 

.1680 
t 5000 

.0867 

t!1300 

.0180 
t 16 7 00 

.1707 

tl6300 

80000 

.1580 
t 15000 

.0827 

tl5300 

,1107 

t24Q00 

.1627 
t 24300 

100000 

.1530 

t20000 

.0813 

tl6700 

,1060 

t28400 

.1530 

t34000 

105uQ0  .0713  *0723  out  of  range  of  instrument 

— — 1 25700 


c = compression 

All  gage  lengths  6 in. 

t = tension 
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OBSERVED  DATA 
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OBSERVED  DATA 
376,1 


Load  W x 


Inst  • 
Reading 

Total 

Def. 

Unit 
Def  . 

Inst . 
Reading 

Total 

Def. 

Unit 
Def  . 

2300 

,0000 

.0000 

.0002 

17300 

.0006 

.0012 

.00008 

.0001 

.0002 

.000013 

32300 

.0011 

.0022 

.00015 

.0009 

.0018 

.00012 

47300 

.0020 

.0040 

.00026 

.0018 

.0036 

.00024 

62300 

.0029 

.0058 

.00039 

.0026 

.0052 

.00035 

82300 

.0039 

.0078 

,00052 

.0039 

.0078 

.00052 

102300 

.0053 

.0106 

.00706 

.0053 

.0106 

.00706 

122300 

.0065 

.0130 

.008  66 

.0075 

.0150 

.00100 

Wire 

wound  dials  were 

used  on 

gage  lengths  W and  X 

. The 

length 

in  each 

case  was 

15  inches.  The 

deformations 

given  above 

are  expressed  in  inches. 
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OBSERVED  DATA 


o 

03  O 
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co  o 
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cO  DO 

03  03 

03  DO 

rH  H1 

rH  £0 

r-4  ^ 

rH  CO 
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OBSERVED  DATA 


LOAD 

V 

b d 

V 

bjd 

J 

A 

376.5 
B C 

D 

E 

F 

G 

2300 

4.8 

5.5 

.7382 

.8582 

.7033 

.7517 

.7439 

.8397 

.0097 

17300 

36.0 

41.3 

.7415 

C33Q0 

.8557 

t2500 

.6883 
t 15000 

.7642 

C6500 

.7309 
t 13000 

.8268 
t 12900 

.0151 

c5400 

32300 

67.4 

77.1 

.7373 

- 

.6892 
t 14 100 

.7583 

C6600 

.7337  .8310 

t 10200  t87C0 

.0147 

C5000 

4 7300 

99.0 

113 

.7337 

t4500 

.8455  .6908 

t 12700  t 12500 

.7574 

c57©>© 

.7413 

t2600 

.8321 
1 7600 

.0133 

C3600 

62300 

130 

149 

.7303 
1 7900 

- 

.6928 
t 10500 

.7639 

cl230C 

.7376 
> t6300 

.8359 

t3800 

• .0133 
C3600 

82300 

171 

1S6 

.7222 
t 16000 

- 

.6921 
t 11300 

.7615 

c9800 

.7391 

t4800 

.8310 

t8700 

.0112 

C1500 

102300 

213 

245 

.7214 
t 16800 

.8257 
t 32500 

.6906 
t 12700 

.7613 

c9600 

.7390 

t4900 

.8280 
t 11700 

.0099 

c200 

122300 

255 

292 

.7229 
t 15300 

.8315 

t26700 

.6888  .7623 

t 14500  c 10600 

. 7415* 
t2400 

,8236 
t 16100 

.0103 

c600 

139800 

291 

334 

.7228 
t 15400 

.8258 

t32400 

.6968  .7626 

t6500  clo900 

.7279  .8232 

t6000  t 16500 

- 

c r compression 
t s tension 


All  gage  lengths  6 in. 


151 


OBSERVED 

DATA 

376.5 

LOAD 

H 

I 

J 

K 

L 

M 

N 

0 

2300 

.6973 

.7329 

.5914 

.5332 

.6287 

.5549 

.5575 

.6246 

17300 

.7007 

C3400 

.7241 

t8800 

.5916 

c200 

.5305 
1 1700 

.6264 

t3300 

.5535 
1 1400 

.5580 

c500 

.6227 
1 1900 

32300 

.6976 

c300 

.7267 

t6200 

.5992 

c7800 

.5350 

c2800 

.6330 

c4300 

.5597 

C4800 

.5645 

C7000 

.6315 

c6900 

47300 

.6965 

t800 

.7197 
t 13200 

.5889 

t2500 

.5278 

t440G 

.6257 

t3000 

.5539 

tiooo 

.5589 

cl400 

.6216 

t3000 

62300 

.6937 
to  600 

.7137 
t 19200 

.5886 

t2800 

.5254 
1 6800 

.6236 

t5100 

.5517 

t3200 

.5581 

c600 

.6217 

t2900 

82300 

102300 

.6949 

t2400 

.6904 

t6S00 

.7075 

t25400 

.7020 

t30900 

.5860 
t5400 
.5854 
1 6000 

.5184 
t 13800 
.5147 
t 17500 

.6182 
t 10500 
.6154 
tl3300 

.5489 

t6000 

.5147 

t4600 

.5549 
t2600 
1 6154 
1 2400 

. 6206 
t4000 
.5503 
c200 

122300 

.6925 

t4800 

.6962 

t36700 

.5807 
t 10700 

.5067 

t25500 

.6096 
t IS 100 

.5474 
1 7500 

.5544 

t3100 

.6194 

t5200 

13S800 

.6904 
1 6900 

.6858 

t47100 

.5802 
t 11200 

- 

.6025 

t26200 

.5475 

t?400 

.5549 

t2600 

.6113 
t 1330C 
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OBSERVED 

376,5 


Load 

P 

Q 

2300 

.5994 

.4988 

17300 

.5995 

clOO 

.4989 

clOO 

32300 

.5997 

c300 

.5031 

C4300 

47300 

.5879 
t 11500 

.5014 

c2600 

62300 

.5804 
t 19000 

.4949 

t3900 

82300 

.5776 

t2180Q 

,4876 
t 11200 

102300 

.5726 

t26800 

,4891 

t9700 

122300 

.5699 

t29500 

.4827 
t 16100 

139800 

- 

.4837 
t 15 100 

DATA 
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OBSERVED  BATA 


376.6 


LOAD 

V 

b d 

V 
b jd 

B 

C 

B 

E 

F 

2300 

4.8 

5.5 

.0777 

.2660 

.1610 

.I960 

.0850 

.2240 

15000 

31.2 

36.8 

.0762 

tl5C0 

.2645 

tl500 

.1595 

tl5C0 

.1932 

t280C 

.0842 

t800 

.2165 

t7500 

30000 

62.4 

71.6 

.0762 
1 1500 

.2563 

t9700 

.1602 

t800 

.1930 

t3000 

.0882 

C3200 

.2171 

t690C 

45000 

95.6 

107 

.0761 

tl600 

.2565 

t9500 

.1584 

t2600 

.1934 

t2600 

.0881 

C3100 

.2175 

t6500 

60000 

125 

143 

.0764 

tl300 

.2459 

t201C0 

.1617 

c70C 

,1920 

t4000 

.0844 

t600 

. 2202 
t3800 

80000 

167 

191 

.0773 

t400 

,2504 

tl5600 

.1586 

t2400 

,1926 

t5400 

,0863 

C1500 

.2259 
t 100 

100000 

209 

239 

.0791 

C1400 

,2407 

t2530C 

,1595 
1 1700 

.1970 

clOOO 

,0883 

c3300 

.2197 

t4300 

120000 

249 

287 

,0784 

c700 

,2363 
t 29700 

.1581 

t2900 

,1924 

t3600 

.0891 

C4100 

.2238 

t200 

140000 

291 

334 

.0768 

t900 

.2310 

t350C0 

,1605 

t500 

.1918 

t4200 

.0885 

g3500 

.2223 

tl700 

160000 

333 

382 

,0753 

t4400 

.2274 
t 38600 

,1500 

tioo 

,1910 

t5000 

.0883 

C3300 

.2223 
1 1700 

180000 

375 

430 

,0690 

t8700 

. 2206 
t45400 

.1600 

tico 

.1890 

t7000 

.0870 

C2000 

.2236 

t400 

c = Compression 


t — Tension 


All  gage  lengths  6 in. 


\ 
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OBSERVED  DADA 

J 

376.6 


LOAD 

G 

H 

I 

2300 

.2000 

.2436 

,1140 

15000 

.1935 

t6500 

.2387 

t49C0 

,1067 

t7300 

30000 

.1995 

t500 

.2381 

t4500 

.1038 

tl0200 

45000 

.1991 

t900 

.2385 

t5100 

,0985 

tl5500 

60000 

.1962 

t5800 

.2359 
1 7700 

.0886 
t 25400 

80000 

.1963 

t3700 

.2382 
1 5400 

.0829 

t3110C 

100000 

.1990 

tiooo 

. 2334 
tl0200 

.0751 
t 38 9 00 

120000 

.1978 
1 2200 

.2348 

t8800 

.0678 

t46200 

140000 

.1975 

t2500 

.2297 

tl5900 

,0620 

t520C0 

160000 

.1977 

t2300 

.2274 
t 16200 

,0554 

t58600 

180000 

.1980 

t2000 

.2286 
t 15000 

— 

J 

K 

I 

M 

ir 

.1800 

.2300 

.1577 

.1460 

.1487 

.1782 

tl8Q0 

.2295 

t500 

.1572 

t500 

.1452 

taoo 

.1445 

t420C 

.1785 

tl500 

.2231 

t6900 

.1585 

c800 

.1442 

tiaoo 

.1385 

t!0200 

.1775 

t2700 

.2257 

t4500 

,1564 

t300 

,1420 

t4000 

.1345 

tl4200 

.1757 

t4300 

.2212 

t8800 

.1564 
1 1300 

.1387 

t7300 

.1272 

t21500 

.1745 

t5500 

.2196 

tl0400 

.1563 

tl400 

. 1340 
112000 

.1450 

t26800 

,1708 

t9200 

.2121 

tl7900 

.1545 

t3200 

,1273 

tl8700 

.1131 

t3560C 

,1671 

tl2900 

,2051 

t24900 

. 1551 
t2600 

.1224 

t23600 

,1048 

t43900 

.1435 

t3650C 

,1978 

t32200 

.1495 

t8200 

,1158 

t30200 

.0987 

t50C00 

.1585 

t21500 

.1894 

t40600 

,1510 

t6700 

.1100 

t36000 

,0907 

t5800C 

.1460  . 
t34000 

1746  . 

t55400 

1510 

t6700 

.1060 

t40000 

— 
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OBSERVED  DATA 


376.6 


LOAD 

0 

p 

Q 

p 

S 

V 

rr 

VI/ 

X 

3300 

.1560 

.2640 

.2270 

.2200 

.2700 

.2073 

.2020 

.1570 

15000 

. 1528 
t3200 

.2635 

t500 

.2243 

t2700 

.2165 

t3500 

.2685 

tl500 

.2055 

tl800 

. 2008 
tl200 

.1552 
1 1800 

3000  C 

.1575 

C1500 

.2611 

t2900 

.2217 

t5300 

.2088 
t 11200 

.2664 

t3600 

.2035 

t3800 

.2015 

t500 

.1561 

t9C0 

45000 

.1508 

t5200 

.2568 

t7200 

.2100 

t800C 

.2165 

t350C 

.2635 

t6500 

.1998 

t7500 

.1961 

t5900 

.1520 

t5000 

60000 

.1490 

t7000 

,2512 

tl2800 

.2162 

tl0800 

.2005 
t 19500 

.2592 

tiosoo 

.1967 

tlC600 

.1897 

t!2300 

.1516 

t54C0 

80000 

.1450 

tllOOO 

.2459 

tl81C0 

.2179 

tsioo 

.1959 
t 24100 

.2576 

t!2400 

,1918 
t 15 500 

.0870 

tl5000 

.2499 

t7100 

100000 

.1523 

t3700 

.2361 

t27900 

.2134 

t!4600 

,1862 
t 338 00 

,2458 

t24200 

.1903 

tl7000 

.0830 

tl9000 

. 2434 
tl3600 

120000 

,1471 

t8900 

. 2308 
t 332 00 

.2070 

t20000 

,1808 

t39200 

.2505 

tl9500 

,1811 
t 26 200 

.0791 
t 22900 

.2388 

tl8200 

140000 

,1455 

t!0500 

.2197 

t4430O 

.2030 
t 24 000 

,1717 

t48300 

.2415 
t 28400 

,1765 

t303C0 

.0728 

t29200 

.2355 
t 2 1500 

160000 

.1430 

tl3000 

,2194 
t 44600 

.1997 
t 27300 

.1647 

t55300 

,2426 
t 2 74 00 

.1^13 

t36000 

, 0650 
t37000 

. 2336 
t 23400 

180000 

,1440 
t 12 000 

.2066 

t57400 

.1976 
t 29400 

,1216 

t98400 

.2376 
t 3 2400 

,1690 

t38300 

.0670 

t3500C 

.2326 

t24400 

I 


UNIVERSITY  OF  ILLINOIS-URBANA 


3 0112  086827281 


